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ABSTRACT
This thesis describes the application of hollow-core photonic crystal fibres (HC- 
PCFs) in super-enhanced gas-based stimulated Raman scattering (SRS) and 
laser-induced particle guidance. In HC-PCFs light propagates in an air-core (by 
means of photonic bandgap guidance), in a well-confined mode and over very long 
distances. Compared to conventional techniques, this brings about a huge im­
provement in the figure-of-merit for linear and nonlinear light/ m atter interactions 
inside the fibre core.
For such applications, changing the refractive index contrast of the fibre is some­
times required and this has an effect on the transmission properties of the fibre. 
This effect is experimentally studied and refractive index scaling of the photonic 
bandgap is demonstrated.
Moreover, HC-PCFs filled with hydrogen were used for SRS. A dramatic reduc­
tion in the Stokes threshold energy from previously reported results (by a factor 
of 102 for vibrational SRS and 106 for rotational SRS) was observed. Further­
more, a comb-like spectrum of nine purely rotational SRS bands was generated. 
Also, the very long interaction lengths achievable when using a HC-PCF, to­
gether with the low input power requirements, introduce a novel regime in SRS 
dynamics: transient SRS was observed, both theoretically and experimentally, 
for pulse widths far exceeding the Raman dephasing time.
Finally, the enhanced efficiency of laser-induced particle guidance in HC-PCFs is 
demonstrated. By calculating the magnitude of optical forces acting on the parti­
cle inside the fibre, an increase in the guidance length by six orders of magnitude 
is found to occur compared with other techniques.
Aipiepujfieuo arovs jovefe pov, Tiduup k m  MCpK,a, k o l i  g t o v  aSeppo pov, Xprjaro.
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In a hollow-core photonic crystal fibre (HC-PCF) light is guided in air, in a well- 
confined, good-quality, diffractionless mode over long distances. Filling the core 
of such a fibre with different materials opens up intriguing new possibilities for 
the interaction between light and matter. This thesis focuses on the study of the 
application of HC-PCF in ultra-enhanced light/m atter interactions, such as gas- 
based stimulated Raman scattering and laser-induced manipulation of particles.
1.1 H istorical overview
Since their first successful demonstration in the 1960’s [1], optical fibres have 
revolutionised the field of telecommunications. They are ideal for transmission 
of signals as they are made of relatively cheap materials (silica glass), which are 
also non-conductive; thus, contrary to electric wires, they can be used without 
the risk of external electromagnetic interference. In addition, the attenuation 
rates of state-of-the-art optical fibres are now extremely low (~0.2 dB/km), easily 
achieving long-haul signal transmission, especially when used in combination with 
intermediate amplifiers.
Despite their excellent performance in the transmission of optical signals, con­
ventional optical fibres suffer from several limitations. First, light in an optical 
fibre propagates in a bulk medium, glass, and so suffers form both absorption
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losses (from the constituents of the glass itself and from impurities) and radiative 
attenuation (Rayleigh scattering from density fluctuations frozen in the fibre). 
Secondly, the strict geometry and refractive index profile of standard optical fi­
bres impose a certain frequency dispersion on the propagating field tha t cannot 
be easily engineered for different requirements and applications. Finally, there 
has always been a desire for greater versatility in the fibre design for better per­
formance in more specialised applications, such as high power delivery, tailored 
nonlinearity, sensing, high birefringence and the hosting of different materials, to 
mention a few. It was these motivations that finally led to the emergence of a 
new class of fibre, the photonic crystal fibre (PCF). In a PCF the fibre core is 
surrounded by a microstructured cladding, usually consisting of a periodic array 
of air holes in silica. Such a cladding is a two-dimensional photonic crystal, hence 
the term PCF. When the core index of a PCF is higher than tha t of the cladding, 
waveguiding still takes place via total internal reflection at the core/cladding in­
terface just as with step-index optical fibres. However the great versatility in 
the design of the PCF structure gives the fibre a wealth of new properties that 
have found many interesting applications. Moreover, most PCFs are made of 
a single material (silica) and this makes the engineering of the fibre properties 
much easier than for conventional optical fibres.
The idea of a hollow-core photonic crystal fibre first emerged in the early 1990’s 
[2], when it was realised tha t light can be confined in air by means of a photonic 
bandgap (PBG). This is a frequency region where light cannot propagate in a 
photonic crystal. It was a new departure in the field of optics, as it introduced 
the idea of bandgaps for light propagating out of the periodicity plane of the 
photonic crystal. Until that time, the existence of frequency stop-bands in peri­
odic dielectric structures was only predicted for in-plane propagation in photonic 
crystals with a strong refractive index contrast [3, 4, 5]. In HC-PCFs, the air 
core is surrounded by a two-dimensional periodic cladding that exhibits photonic 
bandgaps for certain ranges of the propagation constant of the core modes; light 
is, thus, confined in the air core. Moreover, it was theoretically demonstrated 
tha t photonic bandgaps for out-of-plane propagation can exist in structures with 
such a low refractive index contrast as silica and air [6]. This finally led to the 
fabrication of the first working HC-PCF in 1999 [7].
HC-PCFs are interesting in many ways. On a fundamental level, there is basic 
scientific interest in the photonic bandgap that the fibre exhibits. Furthermore,
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in a HC-PCF light is guided in air; this can potentially mean low levels of non- 
linearity, delivery of high-power pulses and the transmission of frequencies that 
cannot propagate in glass. It also offers diffractionless propagation of light in air 
in a good quality well-confined mode over distances tha t can now reach the order 
of kilometres [8]. This opens up a new ‘highway’ for light/m atter interactions, 
both linear (such as laser-induced guidance of atoms and particles [9, 10]) and 
nonlinear (for example, gas-based nonlinear optics [11, 12]).
1.2 O utline of the thesis
Chapter 2 is a brief introduction to HC-PCF. It is not meant to be a thorough 
overview, but rather to emphasize the novelty of the bandgap waveguiding mech­
anism and the usual means of describing and studying such fibres through plots of 
bandgap fingers and the density-of-states. The last section of the chapter shows 
how the availability of a low-loss, small-core waveguide in which light propagates 
in air can offer a significant enhancement in the linear and nonlinear interaction 
between light and m atter inside the waveguide compared with other techniques.
Chapters 3-6 present original work done either entirely by the author or in which 
the author had a major contribution.1 When replacing the air in a HC-PCF 
with another material for applications in light/m atter interactions, it is useful 
to know what happens to the transmission properties of the fibre. Chapter 3 
deals with the experimental investigation of refractive index scaling in photonic 
bandgap fibres. It shows tha t by reducing the index contrast of a HC-PCF from 
its initial silica/air value, the fibre bandgap shifts in frequency, obeying a simple 
refractive index scaling law. At the same time, photonic bandgap guidance in 
liquid is experimentally demonstrated.
Chapters 4, 5 and 6 present results tha t make use of the high figure-of-merit 
(FOM) of a HC-PCF for light/m atter interactions. Chapter 4 deals with vibra­
tional stimulated Raman scattering (SRS) in a HC-PCF that has a wide transmis­
sion spectrum and is filled with hydrogen gas. Very low-threshold generation of 
SRS bands is demonstrated, while the behaviour of these bands with propagation 
distance and input pump power is investigated.
1Appendix D on page 127 presents a list of the author’s publications
3
Chapter 5 focuses on purely rotational stimulated Raman scattering (SRS) in a 
bandgap-guiding hydrogen-filled HC-PCF with a narrower transmission spectrum 
than the previous fibre. A comb-like rotational SRS spectrum is generated at 
extremely low threshold. The effect of the very long interaction length and low 
input power on the temporal dynamics of the SRS process is investigated. Also 
the transmission spectrum of the fibre is used to selectively excite individual SRS 
bands.
Chapter 6 presents calculations of the optical forces on a dielectric particle that 
is levitated in air and guided inside a HC-PCF. The results are compared with 
experimental data and they demonstrate the very long particle guidance lengths 
attainable inside a HC-PCF.
Finally, Chapter 7 is a summary of the main results of the thesis and a look at 
potential future work that these results might stimulate.
4
Chapter 2
Introduction to  hollow-core 
photonic crystal fibres
2.1 W aveguiding m echanism s
2.1.1 P h oton ic  bandgap guidance  
Index-guiding optical fibres
In a step-index fibre light is guided in the core by means of total internal re­
flection (TIR) at the core/cladding interface, as can be seen in Figure 2.1. TIR 
is possible because the refractive index of the doped-silica core, ncore, is slightly 
higher than the index of the cladding, nciadding• The critical angle 0cr for total 
internal reflection is given by [13]:
A photonic crystal fibre (PCF), on the other hand, is an optical fibre with a 
microstructured cladding, usually consisting of a periodic array of air holes on a
The distance between two successive holes in the PC cladding is called the pitch 
(symbol A). If the fibre core is also made of silica, then the fibre guides light
1 (  cladding
'core
(2.1)




Figure 2.1: Schematic comparison between a step-index fibre and an index- 
guiding PCF. Top: transverse cross-sections of the fibres. Centre: index profiles. 
Bottom: guidance by TIR
by TIR, just like the step-index fibre described previously. Now TIR takes place 
at the interface between the silica core and the cladding which is made of silica 
and air and so has an effective index lower than the core. Fibres that guide 
light by means of TIR, such as step-index optical fibres and solid-core PCFs, 
will be henceforth called index-guiding fibres. A schematic comparison between 
a step-index fibre and an index-guiding PCF with a PC cladding comprising a 
triangular array of holes is shown in Figure 2.1. The range of structures and 
air-filling fractions in the fibre cladding that can be realised in PCFs gives them 
unique properties that have found a wide range of applications since the fab­
rication of the first working PCF [14]. Due to the dispersion of the effective 
cladding index ne//(a;), PCFs can be fabricated that are endlessly single-mode, 
that is, they can be single-mode at all frequencies [15]. Furthermore, PCFs with 
novel dispersion have been fabricated [16], which exhibit notable nonlinear prop­
erties [17]. Finally, other useful geometries have produced fibres with interesting 
properties and applications (see, for example, [18, 19]).
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Figure 2.2: Schematic of the transverse cross-section of a hollow-core photonic 
crystal fibre
H ollow -core pho ton ic  c ry sta l fibres
It is impossible to make an index-guiding optical fibre with a hollow core. The 
reason is that, for TIR to take place, the core index must be higher than the 
cladding index. The hollow-core photonic crystal fibre (HC-PCF) overcomes 
this limitation by using a completely novel waveguiding mechanism. In a HC- 
PCF, just as in an index-guiding PCF, the cladding consists of a two-dimensional 
photonic crystal (Figure 2.2). In most HC-PCFs the whole structure is made of 
silica and air. In this case, however, the PC cladding exhibits photonic bandgaps 
(PBGs), that is, finite frequency regions where light cannot propagate in the 
cladding. If these PBGs extend to a region where light can propagate in air, 
then it is possible to trap guided modes in a hollow core surrounded by this 
photonic crystal cladding. This type of waveguiding is called photonic bandgap- 
guidance. Light guided in the hollow core results from constructive interference 
after multiple Bragg reflections in the periodic layers of air and silica in the 
cladding.
A propagation diagram for an infinite two-dimensional photonic crystal consisting 
of a triangular array of air holes is drawn in Figure 2.3. Here, ko is the free-space 
wavenumber and kz the axial component of the wavenumber. By solving the 
vector wave equation for this structure, in the case where light propagates out of 
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Figure 2.3: Bandgap finger plot for an infinite two-dimensional photonic crystal 
(like the finite one shown schematically at the top left). The small circle C marks 
a region where bandgap-guidance in a hollow core is possible
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extend above the vacuum dispersion line kzA =  k0A. Due to the shape of the 
PBGs on this propagation diagram, the latter is usually called a “bandgap finger 
plot” . On this diagram the guided modes of an index-guided PCF, formed by 
replacing the central air hole with a solid silica rod, would be located in the region 
confined by the silica line kzA =  konSiucaA and the PC line of a material with the 
effective index of the cladding (the PC curve is shown here as a straight line for 
simplicity).
A hollow core, on the other hand, can be formed by omitting a number of capil­
laries that form the photonic crystal cladding, like the structure of Figure 2.2 (see 
also Section 2.4 for the fabrication of HC-PCFs). Such a low-index “defect” can 
support modes with axial wavevectors (called propagation constants, f3)1 within 
a region of the cladding bandgap above the air line (like the small circle C in 
Figure 2.3, for example). In this region light can propagate freely in air but is 
switched off in the cladding and is, therefore, confined in the hollow core; that is, 
photonic bandgap waveguiding occurs.
Density-of-states plots
It is very often useful to know not just the position of the PBGs of a photonic 
crystal cladding, but also the number of available modes that the cladding can 
support. Graphically this is done by density-of-states plots. Density of states 
(DOS) is the number of modes with propagation constants between the values (3 
and (3 +  Sj3. At the location of the bandgap the DOS is zero. Mr Tom Hedley 
and Prof David Bird have devised a modified plane-wave method for solving the 
vector wave equation for out-of-plane propagation (Equation 3.1 on page 27) and 
have implemented a code for generating DOS plots [20, 21]. One such DOS plot 
generated using this plane-wave method and code is shown in Figure 2.4. The 
2-D crystal consists of a triangular array of air holes (diameter d) in silica. The 
crystal pitch is A and the ratio d/A  is 0.99. The DOS plot axes are koA and 
{(3 — koncore)A so that the plotted area focuses on a narrow strip along the core 
index line, similar to the rectangle shown on the plot of Figure 2.3.
*At a fixed frequency (3 — kz . For the sake of simplicity, from now on both (3 and kz will be 




Figure 2.4: DOS plot (right) of a 2-D photonic crystal structure consisting of a 
triangular array of air holes in silica with d/A = 0.99 (left). In the DOS plot 
different colours represent different densities, while the white region represents a 
complete bandgap. The horizontal red line is the vacuum line (3 = ko
2.1 .2  W aveguid ing by low d en sity -o f-sta tes
A photonic bandgap is not always necessary to achieve guidance in an air-core 
PCF. A type of HC-PCF fabricated at the University of Bath and first reported 
in [11] can guide light in a hollow core even though the surrounding PCF cladding 
does not exhibit any photonic bandgaps at all. The fibre is shown in Figure 2.5. 
The cladding consists of an array of thin silica strands in air that form a Kagome 
lattice. The DOS plot for the cladding of this Kagome fibre is also shown in the 
same figure. Instead of a full PBG, this structure possesses an extended frequency 
range (26-42 kA) where the DOS is very low. This low-DOS range corresponds 
very well with the recorded transmission spectrum of the fibre, also shown in the 
figure. This indicates a possible correlation and this type of waveguiding can be 
called low density-of-states (LDOS) waveguiding. Furthermore, both experiments 
and calculations have shown well-confined core modes in the LDOS region of the 
Kagome fibre [20].
This fibre has a very wide transmission bandwidth compared with PBG-guiding 
HC-PCFs; it spans almost 900 nm of wavelength (Figure 2.5(a)) and can be used 
in applications requiring transmission of a wide range of frequencies [11], as will 
be shown in Chapter 4. The lowest attenuation rate achieved with LDOS-guiding 
fibres has so far been about 0.3 dB/m.
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Figure 2.5: Experimental transmission spectrum (a) of the Kagome fibre shown 
in (b). The wide transmission band accounts for the white colour of the core 
mode when the fibre is illuminated with white light as in the top right picture. 
The calculated DOS plot is shown in (c) for the structure of figure (d), where the 
calculated intensity profile of the fundamental mode is also shown. The modelled 
structure consists of silica webs of thickness t and the ratio t /A  is 5%
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Figure 2.6: Electron micrograph of the end-face of a HC-PCF (fabricated at 
the University of Bath) and its attenuation spectrum (right). Also shown is the 
measured intensity profile of the fundamental guided core mode (inset picture)
2.2 M odal properties
2 .2 .1  C ore m o d es
Guided modes are generated in a HC-PCF by introducing an air hole in a photonic 
crystal cladding that has PBGs extending above the air line. Different cladding 
structures will, therefore, produce different bandgap locations, which results in 
different transmission bands. Figure 2.6 shows a HC-PCF together with its trans­
mission spectrum and the intensity profile of its fundamental (lowest-order) mode.
Qualitatively, the guided modes of a HC-PCF can be approximated to the modes 
of a perfectly reflecting capillary. These are described as transverse electric 
(TEnm), transverse magnetic (TMnm) and hybrid (HEnm) modes. The field dis­
tributions of these modes are proportional to Bessel J  functions. The indices nm 
stand for the mth root of the Bessel function Jn_i [22]. TE and TM modes have 
their electric or magnetic field vectors respectively transverse to the direction of 
propagation. In the hybrid HE modes, on the other hand, all field vectors possess 
a longitudinal component as well. The lowest-order mode of a dielectric capillary 




Figure 2.7: Calculated electric field (left column) and intensity distributions 
(right column) of the first two modes of a capillary with R0 = 5 /im
with J0 being the zero-order Bessel J  function. This is found to be very similar to 
the fundamental mode of a HC-PCF [23]. The next higher-order modes (i.e. the 
degenerate TEoi, TMoi and HE2i modes) have a radial field distribution E(r)  ~
J\ (3.832 v/ R q). The field and intensity distributions of these modes are shown 
in Figure 2.7.
The total number of core modes of a HC-PCF depends on the size of the core and 
on the range of P values spanned by the bandgap as it crosses the air line. This is 
illustrated in Figure 2.8. The shaded annular area in Figure 2.8(b) is the available 
reciprocal space for guided modes in the air core and equals tt(A:^ l  — k^H) = 
tt(Ph  — Pi), where the various terms are illustrated in the figure. The reciprocal 
space area occupied by a single core mode is k / R q, with Ro the core radius. From 
these, the total number of guided core modes turns out to be [7]:
N pbg = (PLJ. (2.3)
In the above equation the 1/4 term accounts for the fact that only wavevectors 
with P > 0 are taken into account (propagation in the +z-direction).
The plane-wave method mentioned previously can also be used to give the disper­





Figure 2.8: The vacuum sphere in reciprocal space (left) and the projection of 
the sphere on the (k ,ky) plane (right) for a HC-PCF with a full 2-D bandgap 
for the transverse wavevector kt
field and intensity profiles [20]. Such a dispersion curve for the fundamental core 
mode of a HC-PCF with a PC cladding like the one of Figure 2.2 is shown in 
Figure 2.9. As this is the lowest-order (highest-/?) core mode with /? «  Afo, it is 
natural that, within the cladding bandgap, its dispersion curve will be close to 
the vacuum line. As the dispersion curve of the core-guided mode approaches the 
cladding modes (in a region like the one marked by the box on the DOS plot in 
the figure), light can couple into a continuum of cladding modes. However, inside 
the PBG there can exist another type of available mode as will be discussed in 
the next section.
2 .2 .2  Surface m o d e s
It is well-known in solid state theory that the surface of a finite crystal acts as 
a defect where there are localised solutions of the electron wavefunction. These 
are called surface states [24]. In exactly the same manner, the interface between 
the photonic crystal cladding and the hollow core can support modes that are 
mostly concentrated on the silica region that borders the core [25]. By analogy 
with solid-state physics these modes are also called “surface modes” .
Surface modes can have dispersion curves inside the cladding bandgap. Therefore 
there can be points on the dispersion plot where the guided core modes and the 
surface modes cross. When both modes share the same symmetry they repel each 
other as their dispersion lines come closer and, therefore, these crossing points are
vacuum circle
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Figure 2.9: DOS plot (right) for the HC-PCF structure shown top left with the 
dispersion curve (black line) of the fundamental core mode. Here d/A  = 96%. 
The grey shades on the DOS plot represent different modal densities for the PC 
cladding, while the white region is a complete PBG. The intensity profile of the 
core mode (for koA =  10.5) is also shown (bottom left). The plots and figures 
were generated using the plane-wave method and code of [20]
referred to as “anti-crossings” (another term from solid-state physics). If there 
is degeneracy in f3 and some spatial overlap between the core and surface modes, 
mode coupling can occur [26], that is, transfer of energy from the core-guided 
mode to one of the surface modes; the latter can in turn couple into a continuum 
of cladding and radiation modes. In the state-of-the-art HC-PCFs this is one of 
the major limitations of the performance of the fibre (see Section 2.3).
Coupling to surface modes alters the dispersion curve of the core-guided mode. 
This is done by a process called mode splitting, which is illustrated in Figure 
2.10. The blue curve shows the dispersion of an initially core-guided mode and 
the red curve the dispersion of a surface mode. Away from the anti-crossing 
region (point (a)) most of the energy is concentrated in the core mode. As the 
dispersion curve of the latter approaches (point (b)) the anti-crossing point, the 
fractioned power in the surface mode increases. At the anti-crossing point (c), the 
two modes are indistinguishable. After that point the initially core-guided mode 
has transformed into a surface mode and its dispersion curve is altered (points 
(d) and (e)); conversely, the initially surface-guided mode has now transformed 
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Figure 2.10: Dispersion curves of an initially core-guided mode (blue curve) and
a surface mode (red curve) around an anti-crossing region. The fibre is that of 
Figure 2.9. The insets are the intensity profiles of the respective modes. Note 
that the intensity patterns of the surface-like modes are magnified by a factor of 
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spectrum of the fibre into regions of low-loss transmission separated by high-loss 
regions at the anti-crossing points, as can be seen, for example, at the edges of 
the spectrum of Figure 2.6.
2.2.3 M odal d ispersion
For each guided core mode of a HC-PCF. an effective modal index can be defined 
as:
rimod{u) = ———c . (2.4)UJ
In a purely qualitative way, the dispersion relationship nmod(uj) for the funda­
mental mode of a HC-PCF can be described as that of a (bulk) medium that 
absorbs light at all frequencies apart from a single transmission line, located at 
the central bandgap frequency, with a bandwidth Au; (Figure 2.11) [13]. As will 
be seen later on in Figure 5.9 on page 78, anti-crossings of the fundamental core 
mode with surface modes can influence the modal dispersion.




Figure 2.11: Schematic of the dispersion around a transmission band of band­
width A u
especially for the propagation of optical pulses, via the group velocity dispersion 
(GVD). Inside an optical fibre monochromatic fields at different frequencies will 
travel with different phase velocities v(u) =  c/n(uj) = uj/f3. A finite optical pulse 
consists of a range of monochromatic waves within a bandwidth Suj around a 
central frequency uq. The envelope of the pulse moves at the group velocity:
\  ^  /  U J= LU 0
The slope of the group velocity d2u)/df32 across the available pulse bandwidth 
will eventually distort the pulse as the latter travels inside the waveguide. This 
process is called GVD. From Equation 2.4, it is obvious that GVD will depend 
on the dispersion nmod{u>). The GVD-related quantity that is usually measured 
experimentally is the dispersion parameter D [27]:
where Pi = v~l is called the group delay.
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Figure 2.12: DOS plots 
tions, keeping the other
2.3 State-of-the-art H C-PCFs
Conventional optical fibres have a ultimate attenuation limit of about 0.15 dB/km 
at the telecommunications wavelength of 1550 nm [28]. This is determined by 
Rayleigh scattering and absorption (mainly by transition metal ions and hydroxyl 
ions OH- ) in the glass and as such it cannot improve much further. In HC-PCFs, 
on the other hand, most of the light propagates in air where all these processes 
are much less pronounced. However, there are still sources of loss that relate to 
the bandgap-based waveguiding mechanism of HC-PCFs.
One of the requirements for low-loss guidance in a HC-PCF is that the pho­
tonic bandgap should be wide enough so as to prevent coupling of power into 
the cladding modes. It was realised that the size of the bandgap depends on
the cladding geometry and air-filling fraction. Figure 2.12 shows the effect of 
the air-filling fraction of the PC structure on the generated PBGs [29]. As the 
ratio d/A increases, the bandgaps become wider. Other smaller bandgaps that 
occur at higher frequencies for smaller air-filling fractions disappear as the latter 
increases. The fact that the bandgap still grows wider for the unrealistic case of
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d/A  = 1 indicates that it is generated from the glass features at the interstitials 
between the air holes. It was actually found tha t an increase in d/A  from 0.94 
to 0.96 doubles the bandgap bandwidth [29]. Moreover, a triangular array of 
rounded hexagons (as in Figure 2.6) was found to result in even higher air-filling 
fractions than circular holes [25]. It was these findings and an optimisation of 
the fabrication process tha t led to the dramatic drop in the losses of HC-PCFs 
down to 1.7 dB/km  [8].
There is still, however, the problem of indirect leakage from the core by the 
coupling of power from the core mode to surface modes. This coupling can be 
facilitated by scattering at the inner surface of the fibre core due to imperfections 
and surface roughness. Some of these imperfections have thermodynamic origins 
and cannot be eliminated, setting a lower limit to the ultimate performance of a 
HC-PCF (even though this limit is still better than conventional fibres and can 
theoretically be as low as 0.03 dB/km  [30]).
Improved fibre design can minimise the spatial overlap of the guided core mode 
with the surface modes. The overlap constant varies roughly as the inverse cube 
of the core diameter. Larger cores have already led to significant reduction in 
losses [8]. A thicker core/cladding boundary relative to the boundaries within 
the cladding was also found to minimise the coupling [30]. Finally, the operating 
wavelength can affect the HC-PCF performance. The attenuation due to surface 
mode coupling decreases with increasing wavelength as oc A-3 , while the bulk 
silica absorption increases at wavelengths further into the IR due to material ab­
sorption; there is, thus, an optimum operation wavelength and at this wavelength 
the losses (~0.13 dB/km) can potentially be better than conventional fibres.
2.4 H C -PC F fabrication
The fabrication of silica-based HC-PCFs, just like index-guiding PCFs, is carried 
out by the stack-and-draw process [14]: the same structure as the microstruc­
tured fibre but on a macroscopic scale (typically 1 m long and a few centimetres 
diameter) is made by manually stacking silica capillaries and/or rods. A silica 
jacket can be used to enclose the stack. On a fibre drawing tower, this stack is 
heated above the glass transition temperature of silica (about 2000° C) and drawn
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into preforms of a few millimetres diameter. Pressure can be applied to maintain 
or alter the air-filling fraction during the drawing process according to the desired 
end-result. In a similar manner, the preform is subsequently drawn down to the 
final fibre (up to about 200 fim diameter). At the final stage of the fibre drawing 
process the fibre is coated using a polymer coating.
2.5 A pplications of hollow-core photonic crystal 
fibres: efficient ligh t/m atter  interactions
Nonlinear interactions: gas-based nonlinear optics in a HC-PCF
The efficient nonlinear interaction between laser light and m atter requires long 
interaction lengths, high field intensities and a transverse beam profile of good 
quality. Any experimental device or scheme used for such processes can be char­
acterised by a figure-of-merit (FOM), which gives a measure of the efficiency of 
the interaction between light and matter. The dimensionless FOM (normalised 
to the operating wavelength A) can be written as:
FOM = x A , (2.7)
A e f f
with Lef f  the effective interaction length and A ef f  the effective area of interaction.
Now consider a free-space laser beam tightly focused onto a volume of nonlinear 
material as, for example, in a stimulated Raman scattering (SRS) experiment. 
The small effective area at the focal point results in a high beam intensity. How­
ever, the effective length for the nonlinear interaction will be severely limited 
by the strong diffraction of the tightly focused beam. For a Gaussian beam the 
interaction length can only be twice the Rayleigh range zr = ttWq/X (with wo 
the beam waist radius at focus). From the definition of FOM, it is clear that 
the increase of the beam intensity at focus will be counter-balanced by an equal 
decrease in the interaction length.
A way of increasing the FOM is to place the nonlinear material in the core of 
a hollow waveguide. This can provide high beam intensities (through the tight
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confinement of the beam in the waveguide core) and long interaction lengths. 
Dielectric capillaries filled with nonlinear gases have been used for this purpose
the size of the capillary bore. Furthermore this technique provides a good-quality 
beam profile when the light is coupled into the fundamental mode of the capillary.
However this technique suffers from a fundamental limitation: the dielectric cap­
illary is an intrinsically leaky waveguide for light, with an exponential loss rate 
for the electric field that increases with the inverse of the cube of the bore radius. 
For the lowest-loss mode supported by such a dielectric capillary (HEn), this loss 
rate is [22]:
with R q being the bore radius of the capillary and n the refractive index of the 
dielectric material. u\\  is the first root of the equation Jo(un) — 0 (with Jo 
the zero-order Bessel function) and equals 2.4. Thus the FOM (Equation 2.7) 
increases linearly with the bore radius:
The effective interaction length is taken here as the inverse of the exponential loss
in Figure 2.13(a).
The ideal host of nonlinear gases would be a lossless single-mode hollow waveg­
uide. The HC-PCF comes close to this ideal case, with a FOM that is only limited 
by the fibre loss rate. If the exponential loss rate is a , the FOM of the HC-PCF 
becomes:
The loss rate of HC-PCF has dramatically decreased in recent years to about 
1.7 dB/km  [8]. Figure 2.13(b) shows a comparison between the FOM of a free- 
space beam, a hollow capillary and HC-PCFs with different loss rates at a wave­
length of 532 nm. For a HC-PCF with a loss rate of 1.7 dB/km  and a core radius 
of 5 (im, the FOM can be higher by a factor of 107 than the FOM of a dielectric 
capillary with the same bore radius. This results in a whole new regime in the 
study of nonlinear interactions between light and matter. In the experiments 
described in Chapters 4 and 5, the use of a hydrogen-filled HC-PCF resulted in
[31]. In this method the beam intensity can be further increased by decreasing
(2 .8)
FOM capillary
6.8 R q \ / n 2 — 1 
A 7r (n2 +  1)
(2.9)
rate. A schematic representation of the limitations of these techniques is shown
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Figure 2.13: (a) Factors that limit the FOM in the case of a focused free-space 
beam (top) and a beam coupled into one of the modes supported by a dielec­
tric capillary (bottom), (b) Comparative plot of the FOM of the different SRS 
techniques
22
a reduction of the threshold energy for SRS up to a factor of 106 compared to 
other conventional techniques. The other attenuation rates for HC-PCF shown in 
Figure 2.13(b) correspond to the fibres used in those chapters: 65 dB/km  is the 
lowest attenuation of the bandgap HC-PCF (Figure 2.6) used for hydrogen-based 
SRS in Chapter 5; while 1 dB /m  is the loss rate of the Kagome HC-PCF (Figure 
2.5) used in Chapter 4, again for SR.S in hydrogen.
Mention should also be made to multiple-pass techniques that can also enhance 
the nonlinear interaction by increasing the effective length. For example the use 
of a gas-filled multiple-pass Fabry-Perot cavity (FPC) in [32] produced extremely 
low-threshold SRS due to the significant intracavity intensity enhancement of the 
FBC. This even led to the first demonstration of a CW Raman laser in H2 [33]. 
Efficient though it is, this technique suffers from some important limitations: 
firstly, the pump laser frequency must be kept tightly locked to the very sharp 
resonant frequency of the cavity. Also, the Stokes conversion efficiency remained 
very low (<5%). Finally, efficient conversion is limited to a single SRS frequency 
because of the doubly-resonant design of the cavity.
Linear interactions: laser-induced particle guidance and trapping
The use of optical forces to trap  and guide dielectric particles was first demon­
strated by Ashkin in 1970 [34] and, since then, manipulation of particles by 
means of radiation forces has found a variety of applications. These range widely 
from trapping and manipulation of biological particles such as cells, bacteria and 
viruses [35] to  surface patterning and microengineering [36, 37] and atom trapping 
[38].
The radiation forces on a particle result from the momentum transfer from the 
light beam to the particle. They are traditionally divided into forces acting along 
the beam axis (axial or scattering forces), which are used for particle guidance 
and transportation; and forces acting in a direction transverse to the beam axis 
(gradient or radial forces) which are used for trapping the particle radially near 
the intensity maximum. The magnitude of the scattering forces depends linearly 
on the laser beam power and so the latter has to remain high enough throughout 
the whole distance over which the particle is to be transported. The gradient 
forces, on the other hand, depend on the transverse intensity gradient of the laser
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beam. The ideal configuration would offer a tight transverse confinement and a 
steep intensity gradient of the beam over a long distance -  the same requirements 
as for nonlinear light/m atter interactions discussed in the previous section.
Therefore, the techniques employed for the laser guidance of particles are similar 
to the ones used in gas-based nonlinear optics: particles are either illuminated 
in free space by focused laser beams or inside dielectric capillaries [36, 37]. Of 
course these techniques suffer from a low FOM, which results in short effective 
lengths for guidance and trapping. The HC-PCF may again be the solution: in 
Chapter 6 calculations of the optical forces on dielectric particles guided inside 
a state-of-the-art HC-PCF show that a xlO6 increase in the effective guidance 
length.
Effect of refractive index contrast
All the applications mentioned above require filling the air core of the HC-PCF 
with some other material. If all the air in the fibre is replaced by a material 
of higher refractive index, there will inevitably be a change in the transmission 
properties of the fibre. If this material is a low-index gas -  as will be the case in 
Chapters 4 and 5, where the fibre is filled with hydrogen gas -  the change in the 
index contrast of the fibre structure is negligible. However, different applications 
may induce a greater change in the refractive index contrast of the HC-PCF. The 
following chapter will experimentally investigate the change in the transmission 
properties of HC-PCFs, in which the index contrast is lowered significantly by 
replacing the air in the fibres with heavy water.
2.6 Sum m ary
HC-PCF offer the unique possibility of waveguiding optical fields in air over long 
distances. This is done by confining light in a hollow core either by means of a 
photonic bandgap or by low density-of-states. W ith today’s low attenuation rates 
new opportunities open up for the study of light/m atter interactions inside the 
core of the fibre: the relative figure-of-merit in a HC-PCF can be up to 10 million 
times higher than other conventional techniques. Chapters 4 and 5 explore SRS
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generation in hydrogen-filled HC-PCFs, while Chapter 6 explores laser-induced 
particle guidance inside such fibres. Of course, in such applications attention 
should always be paid to the effect tha t a refractive index change may have on 




Transm ission properties of 
hollow-core photonic crystal 
fibres: experim ental 
dem onstration of refractive index  
scaling
This chapter presents the first experimental demonstration of refractive index 
scaling in photonic bandgap fibres.1 Bandgap-guiding HC-PCFs were filled with 
heavy water and, thus, had their refractive index contrast reduced from its orig­
inal value. Since HC-PCFs can be used for enhanced light/m atter interactions, 
as discussed in the previous chapter, it is important to look at what happens to 
the fibre transmission properties when the index contrast is reduced. The trans­
mission spectra of the liquid filled PCFs were found to be shifted in frequency; 
this shift showed good agreement with a recently derived index scaling law for 
bandgap fibres.
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Figure 3.1: A hollow core PCF with an initial bandgap centred around 1550 nm
is tapered so as to preserve the fibre structure and only decrease its scale. The 
pictures show optical micrographs of the cross-sections of the fibre -  illuminated 
from below with white light -  at different stages of the tapering process. The 
pictures also show the new bandgap centre for the tapered structure as predicted 
by the length scaling law. In the last image no visible core mode was observed. 
The pictures are courtesy of Dr Tim Birks
3.1 Introduction
One of the properties of photonic bandgap fibres that is extremely useful in the 
area of fibre design is the so-called length scaling law. This derives from the 
vector wave equation for the transverse field distribution h(r) in the fibre [41]:
[Vl + k2nl{t) + Vj. x Vj.lnnjj(r)x] h = /?2 h , (3.1)
where k is the free-space wavenumber, no(r) the radial (transverse) distribution of 
the refractive index of the structure, the propagation constant of the mode and 
V _l = the transverse Laplacian operator. According to this law, if we
change the cladding pitch A, any previously obtained solution of Equation 3.1 will 
be replicated as long as kA remains constant [42]. In terms of fibre fabrication this 
means that the bandgap frequency of any given PCF can be shifted to a different 
frequency by changing the length-scale of the whole structure (but otherwise 
keeping the structure unaltered). This has proved extremely useful in designing 
bandgap fibres operating at different frequencies (as shown, for example, in Figure 
3.1).
However, there has recently been an increasing interest in bandgap fibres made 
from materials other than silica and air, the usual materials of most common 
HC-PCFs. For example, high index glasses can be used for guidance in the IR
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region of the spectrum [21, 43], while tunable fibre devices can be made by filling 
the holes of a PCF with liquid crystals [44]. All these applications require fibres 
of different index contrasts between the high and low refractive index regions of 
the photonic crystal cladding of the fibre. A refractive index scaling law would 
be of great importance in this emerging field of fibre technology. Unfortunately, 
such a scaling law cannot be obtained by using Equation 3.1. However, refractive 
index scaling laws can be obtained [41], if the electromagnetic field is treated as a 
scalar quantity as we shall see in the following section: these laws can describe the 
evolution of the bandgap when the refractive index contrast of the fibre changes. 
Apart from the previously mentioned applications, index scaling laws can be of 
great value for applications in efficient light/m atter interactions in HC-PCFs, 
where the latter are filled with other materials, (for instance, nonlinear gases).
3.1.1 R efractive index scaling laws
In the scalar approximation the last term of the left-hand side of Equation 3.1 
can be neglected [41]. The wave equation for the scalar field distribution ty(x,y) 
is then given by:
V i #  +  (k2nl -  /?2)#  =  0 . (3.2)
This is strictly valid for very small index contrasts. The question may arise 
whether such contrasts can actually produce bandgaps. It is well known that a 
strong index contrast is needed in order to have bandgaps for waves travelling 
in the plane of periodicity [5]. This results in a strong contrast in wavevector 
between the high and low index regions of the photonic crystal. However, the 
situation is different for bandgap-guiding PCFs, where the propagation is out 
of the plane of periodicity. In this case most of the wavevector is consumed by 
the longitudinal component f3\ this means tha t there can be a strong contrast 
in the transverse component of the wavevector even for small index contrasts as 
schematically shown in Figure 3.2. This is sufficient to generate bandgaps for 
out-of-plane propagation. To illustrate this, the contrast between the transverse 
wavevector components in the two materials kt\ and kt 2 is written as:
fcti _  \J(k n  i ) 2 -  p  (3 3)
ka \]{kn2)2 -  P2 '
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Figure 3.2: A schematic representation showing how a strong contrast in the 
transverse component in wavevector can occur when /3 is close to kri2
For f3 = kri2 this contrast in wavevector can be arbitrarily large even for small 
index contrasts. Here n\ and n2 are the high and low refractive indices of the 
PCF cladding respectively.
Using Equation 3.2, scaling laws for refractive index contrasts were derived [41]. 
In particular, it was found that the photonic states of a bandgap-guiding PCF 
scale so that the quantities:
v2 = A2k2{n\ -  n \ )
w2 = A2(p2 - k 2n2) ’ 1 J
remain invariant when A, k, n\ or ri2 vary. These two parameters can be compared 
with the frequency parameter V  =  kR0(nl — n f ) 1^ 2 and eigenvalue parameter 
W  = Ro{l32 — k2n 2 ) 1 / 2  of conventional step-index fibres [26, 28]. The differences 
are that, while the characteristic transverse length-scale of the latter is the core 
radius Ro, in a PCF the length-scale is defined by the cladding pitch; and that 
w2 is negative for core modes in a bandgap-guiding fibre.
These equations describe how the frequency and propagation constant of a pho­
tonic state will scale when the materials that make up the PCF change. Even 
though they are strictly valid only for very small index contrasts, they can still 
give qualitative results for larger contrasts [41]. This is because the vector nature 
of the electromagnetic field becomes most apparent at the interfaces, where the 
the last term of the LHS of Equation 3.1 (the vector term) cannot be neglected. 
However, in PCFs the photonic states result from interference effects away from
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the interfaces, where the scalar description is approximately valid and where the 
vector term is zero.
Using the first of Equations 3.4 for the situation in which the low index material 
77-2 of the fibre is varied while the high index material tt-i is unchanged, the fol-
of the PCF changes from No = ni /r i 2 to N , any photonic states occurring at a 
wavelength Aq will shift to a new wavelength A given by:
This equation can potentially be a very useful tool for the study of bandgap 
structures of varying low index materials because it avoids the complexities of 
numerically solving the vector wave equation. Such an index scaling law is also 
extremely relevant to any application that requires filling a HC-PCF with gases 
or liquids.
In order to check to validity of this law, the experiments described in the following 
sections were carried out [39], where all the air in the HC-PCFs was replaced with 
heavy water in order to reduce the index contrasts of the fibres. This was the 
first experimental demonstration of the validity of the index scaling laws found
3.2 Experim ental procedure and results
3.2.1 E xperim ental set-up  and procedure for w h ite  light 
transm ission  sp ectra
White light transmission spectra were taken using the experimental set-up shown 
in Figure 3.3. The two HC-PCF ends were mounted into specially designed cells 
and the core and cladding holes were filled along the whole length of the fibre with 
liquid deuterium dioxide (D2 O). D 2 O (also known as heavy water) has a refractive 
index of about 1.33 in the visible part of the spectrum. By replacing the air in the 
HC-PCF with heavy water, the index contrast of the fibre structure was reduced







































Figure 3.3: Experimental set-up for the acquisition of (a) white light transmission 






















600 800 1000 1200 1400 1600
Wavelength (nm)
Figure 3.4: A schematic representation of the H20  and D20  molecules (right) 
and the absorption spectrum of D20  (left). The absorption peaks of water at 
980 nm and 1190 nm have moved to about 1320 nm and 1620 nm respectively in 
the case of heavy water. The absorption data in the figure were provided by Dr 
William Wadsworth
from about 1.46 to 1.10. D20  was preferred to ordinary water because it is much 
less lossy in the near infrared. The reason for this is here briefly explained: the 
deuterium nucleus consists of a proton and a neutron and so it has double the 
mass of the hydrogen nucleus. This causes the absorption peaks of ordinary water 
associated with the hydroxyl ion (OH- ) to be shifted further into the infrared in 
the case of D20  (by a factor of y/2 [45]) as shown in Figure 3.4.
In the experiments described here two hollow-core PCFs were used: one with a 
bandgap centred at 1060 nm and another with a bandgap centred at 1550 nm. 
The 1060 nm fibre has a cladding pitch A of 3 /im, a core diameter of 8.2 /xm, 
while the length of the sample was 40 cm. The respective figures for the 1550 nm 
fibre are 3.75 /xm, 10 /xm and 70 cm.
The design of the cells is shown in Figure 3.5. They were made of aluminium 
blocks that could be directly mounted onto XYZ translation stages. At one end of 
the cell there is a bore with a diameter of 0.5 mm. The fibre was initially passed 
through and glued onto a glass capillary in order to match the fibre diameter 
(125 /xm) with that of the bore of the cell. This was done to prevent any bending 
of the fibre during the experiments. Then the capillary bearing the HC-PCF 
was passed through and glued onto the bore of the cell. Suitable water-resistant 












Figure 3.5: Design of the cells used in the index-scaling experiments. Figure (b) 
shows a cross-sectional view from the top of the cell as indicated by the arrows 
in (a). Figure (c) schematically shows the set-up for launching white light in the 
liquid-filled PCF, with the cell lid removed to allow optical access to the input 
end of the fibre
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as to prevent any leakage of air or liquid. At the face of the cell opposite the 
fibre bore there is a larger opening which is used for optically accessing the fibre. 
This larger opening can be air-sealed (see Figure 3.5) using a removable lid that 
bears a pipe through which pressure can be applied inside the cell chamber.
Once both ends of the fibre were mounted into the cells, the latter were fixed onto 
translation stages perpendicular to the optical table (for the cells to sustain the 
liquid D2 O). One of the cells (the input cell) was filled with liquid. The cell was 
then sealed and a constant pressure was applied inside the cell chamber. The 
pressure difference between the two ends of the HC-PCF caused the liquid to 
flow through the air channels -  the core and cladding holes -  of the fibre. The 
filling process was observed by using CCD cameras connected to CRT monitors. 
The output fibre end was imaged in order to check for the completion of the flow 
of D2 O through the fibre, since the flow of liquid through the fibre was clearly 
visible on the monitor screen. Due to the applied pressure at the input end of the 
fibre, any air bubbles trapped in the HC-PCF were pushed out of the output end 
of the fibre. A pressure of just a few bars was sufficient for the filling of the holes 
to be complete within 2-3 hours. Once D20  had filled all the fibre channels, the 
output cell was filled with D20  and, finally, the lid of the input cell was taken 
off. This final step prevented any suction of air back into the fibre holes, when 
the pressure in the input cell was removed.
In order to optically access the fibre, white light from a tungsten bulb was coupled 
into a conventional step-index solid-core telecommunications fibre (SMF-28); the 
latter was butt-coupled to the input end of the PCF inside the liquid D20  as 
in Figure 3.5(c). The tungsten lamp spectrum, recorded as it exits the SMF- 
28, is shown in Figure 3.8(b). Another piece of SMF-28 was butt-coupled to 
the output end of the liquid-filled PCF in order to collect the transmitted light 
and send it into an optical spectrum analyser (OSA). All the butt-coupling was 
facilitated by using cameras to assist with the alignment of the fibres. This 
spectrum acquisition procedure was carried out before and after filling the fibres 
with D2 O. It was, therefore, possible to record the changes in the transmitted 
spectra due to the change in the index contrast alone, while using the same piece 
of fibre and keeping, thus, the pitch and symmetry of the lattice unchanged. 
This eliminated any spectral changes that would be due to structural differences 
between different fibre samples of varying index contrast.
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3.2 .2  R esu lts
The transmission spectra taken before and after the filling process are plotted 
together for each fibre and are shown in Figure 3.6. The spectra -  normalised to 
the input white light spectrum (shown in Figure 3.8) -  are plotted both in terms 
of wavelength and normalised frequency kA. The vertical lines show the edges 
of the shifted bandgaps as predicted by the index-scaling law. These edges were 
estimated by applying Equation 3.5 to the experimentally observed edges of the 
pass band of the original silica/air fibre. For the 1060 nm fibre the original pass 
band extended over the region 900-1200 nm; using Equation 3.5 this band should 
shift to about 510-780 nm. Similarly for the other fibre, the original pass band 
between 1400 nm and 1800 nm shifts to the region 790-1020 nm. Finally, the 
arrow marks the peak of the initial pass band and the wavelength to which this 
peak is predicted to shift.
In Figure 3.6, there is good agreement between the experimental spectra and the 
predictions of the index scaling law. The shifted spectra for both fibres peak 
within the bandgap edges given by Equation 3.5. Light recorded outside these 
edges is believed to come from the cladding; this light survives at the output 
due to the relatively short lengths of fibre used in these experiments. The fact 
tha t light outside the predicted bandgap comes from the cladding becomes more 
apparent when a much brighter supercontinuum source is used (Figure 3.8), as 
described in the next section.
In order to reduce the cladding contribution the fibre was wound a few times 
around a 1 cm rod in order to increase the loss rate of light propagating in the 
silica regions by means of total internal reflection. A typical spectrum of the 
wound liquid-filled fibre is shown in Figure 3.7. The spectra are again normalised 
to the input white light spectrum. In the shifted spectrum of the liquid-filled fibre 
there is now a reduction in the amount of light tha t falls outside the predicted 
bandgap at the long-wavelength end of the spectrum.
By comparing the magnitude of the transm itted signal of the D20-filled fibres 
with that of the unfilled ones, it is observed that the former is weaker than 
the original. Due to the short lengths of fibre used, the HC-PCF loss figure of 
about 70-75 dB/km  is practically negligible. The decrease in intensity may be 
due both to the higher absorption coefficient of D20  compared to that of air
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Figure 3.6: White light transmission spectra of the 1060 nm fibre (top) and the 
1550 nm fibre (bottom). The spectra were taken before and after filling the holes 
of the HC-PCF with liquid D20  (light and dark grey areas respectively). The 
vertical lines define the location of the new shifted bandgaps as predicted by the 
index scaling law. The arrows mark the position of the respective transmission 
peaks
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Figure 3.7: White light transmission spectra of the 1060 nm HC-PCF before and 
after filling it with D20  and after winding the liquid-filled fibre 5 times round a 
1 cm rod. The spectra are normalised to the input white light spectrum. The 
shaded rectangle defines the predicted location of the shifted bandgap
and to scattering impurities in the liquid that fills the entire length of the fibre 
(for example, suspended dust particles from the inner walls of the cells or any 
remaining air bubbles inside the fibre holes). Some of these bright scattering 
points were occasionally seen on the monitor screen during these experiments. 
Some coupling losses also occur and these were measured to be in the range 3- 
5 dB before the fibre was filled with D20 . When the fibres are immersed in the 
liquid, the coupling losses could increase due to scattering impurities between the 
fibre end-faces. However, since the waveguide loss rate of the liquid-filled fibre is 
not known, these coupling losses cannot be directly estimated.
The same experiments were repeated with the 1060 nm fibre, but this time, 
instead of a tungsten white light source, a bright supercontinuum source was 
used (Figure 3.8). This source spectrum spans several hundred nanometres of 
wavelength and is much brighter than the white light source used in the previous 
experiments, as shown in Figure 3.8(b). It consists of a solid-core PCF with a 
core diameter of about 5 fim and d /A = 0.5. The fibre length was about 20 m. 
The PCF is pumped by a passively $ _switched Nd:YAG microchip laser (JDS 
Uniphase model number NP-10620-100) operating at 1064 nm with pulse duration 
0.6 ns and repetition frequency 7.2 kHz. The average laser power is 30 mW, which
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Figure 3.8: (a) Set-up for the acquisition of transmission spectra using a super­
continuum source, (b) Spectra of the supercontinuum source and the tungsten 
source used in the experiments. The inset shows an electron micrograph of the 
PCF used for supercontinuum generation. The relatively flat supercontinuum 
spectrum exiting the solid-core PCF extends from about 450 nm to well beyond 















500 600 700 800 900 1000110012001300
Wavelength (nm)
Figure 3.9: Transmission spectra of the 1060 nm fibre taken with a supercontin­
uum source before (light grey) and after (dark grey) filling the fibre with liquid
gives a pulse energy of 4.1 //J and 6.9 kW peak power. The fibre was made at the 
University of Bath and has been reported to produce a broad supercontinuum 
spectrum via parametric four-wave mixing [46]. The supercontinuum spectrum 
was recorded before the experiments and is shown in Figure 3.8(b). The use of 
such a bright broadband source makes the output signal acquisition much easier 
and practically free of noise.
Exactly the same procedure as described previously was employed for the acqui­
sition of the transmitted spectra , but this time the solid core PCF was directly 
butt-coupled to the input end of the D20-filled PCF. These spectra -  normalised 
to the supercontinuum spectrum -  are shown in Figure 3.9. The spike of the 
initial spectrum around 1060 nm is due to the laser source that pumps the solid- 
core PCF. The agreement between the predictions of the scaling law and the 
experimental observations is now excellent. If this figure is compared with the 
top plot of Figure 3.6, it is made obvious that any discrepancies in the latter 
from the index scaling law are largely due to cladding contributions, which are 
harder to eliminate with weaker source signals: any loss mechanisms inside the 
water (for example, bubbles and suspended particles) will be more pronounced
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(a)
Figure 3.10: CCD camera images of the near-field intensity distribution at the 
output end of the D20-filled PCF. The set-up is shown in Figure 3.3(b). In (a) 
the input light is the supercontinuum light of Figure 3.8, while in (b) the input 
light is that of a laser diode at 633 nm
for light in the core rather than in the cladding and so, for weaker input signals, 
this will decrease the signal-to-noise ratio.
[core (two-lobe] core (annular)]
Near-field imaging
Images of the near-field intensity distribution at the output fibre end were taken 
for the 1060 nm D20-filled PCF. The experimental set-up is that shown in Figure 
3.3(b). A long working distance x20 microscope objective collected the light 
at the fibre output and imaged it onto a colour CCD camera. Initially, the 
supercontinuum light was used as a source. The near-field images thus acquired 
are shown in Figures 3.10(a). Three core modes were excited: a mode with 
an intensity peak in the middle of the core (the fundamental mode), an annular 
mode and a two-lobe mode. The orange/red colour of the transmitted core modes 
matches very well with the location of the shifted bandgap of the liquid-filled fibre 
as can be seen in Figure 3.9 and provides a visual demonstration of refractive 
index scaling.
The same procedure was repeated using a laser diode operating at 633 nm as a 
source. This wavelength lies well within the shifted bandgap of the liquid-filled 
fibre. Indeed the same core modes as the ones observed with the white light 
source were excited at the output of the fibre; they are shown in Figures 3.10(b).
In the above patterns, surface modes were observed around the central core area.
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Figure 3.11: Transmission spectra of the (unfilled) HC-PCF taken by collect­
ing light from the centre and the edge of the core from the near-field intensity 
distribution
Since the scaling laws apply to all photonic states, surface modes of the silica/air 
fibre should also scale with refractive index. Surface modes are also visible in the 
near-field patterns of the original silica/air fibre, as can be seen in Figure 2.6 on 
page 12. They also appear in the original transmission spectrum of the 1060 nm 
HC-PCF (Figures 3.6(a), 3.7 and 3.9) as high-loss regions at the lower wavelength 
side of the transmission band. That these high-loss regions are due to surface 
modes was further indicated by an experiment done using the unfilled HC-PCF: 
the near-field intensity pattern at the output end of the HC-PCF was collected 
and magnified using a microscope objective lens. By means of a collecting fibre, 
spectra from the centre and the edge of the fibre core were recorded. These 
are shown in Figure 3.11. The light coming from the edge of the core is mostly 
located in the low wavelength region of the transmission band, while light coming 
from the fundamental mode is more sharply confined within the bandgap.
3.3 M od ellin g  resu lts
Full-vector calculations were also performed for the fibre structure used in the ex­
periments. Since the index-scaling law is based on the scalar wave approximation,
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it should always be checked against the predictions of full-vector calculations. 
The modelled photonic crystal is shown in Figure 3.12. Density of states (DOS) 
maps were produced for the structure with a background index of 1.45 (silica), 
while for the index of the holes both the values of 1.00 (air) and 1.33 (D20 ) 
were taken. The model used for the DOS calculations and the dielectric function 
representation was the same as in [20, 21] and has already been mentioned in 
Section 2.1.1. The DOS maps for the two cases of air and D20  are also shown 
in Figure 3.12. The initial (silica/air) bandgap in the DOS map lies between
13.8 and 16.9 units of normalised frequency. When air is replaced by D20 , the 
bandgap shifts to higher frequencies, between 23.1 and 28.9 units of normalised 
frequency. This seems to agree quite well with what was experimentally observed 
with the 1550 nm fibre in Figure 3.6(b). There is however discrepancy with the 
results from the 1060 nm fibre (Figure 3.6(a)). This must be due to differences 
between the real fibre structure and the one used in the vector calculations.
Both in the experiments and the full-vector calculations, the shifted bandgaps 
occurring for smaller index contrasts appear to be wider in frequency than the 
bandgaps of structures with higher index contrasts. This has been observed before 
[47] and it can easily be explained [41]; the overall bandgap is the overlap of the 
bandgaps of each of the two states of polarisation. For small index contrasts 
(scalar regime) the two polarisation states are degenerate and their bandgaps 
completely overlap. As the index contrast increases (vector regime), there is 
splitting of the two polarisation states, the bandgap overlap is smaller and a 
narrower overall bandgap is generated.
3.4 Summary and conclusions
W hite light and supercontinuum spectra of HC-PCFs were taken before and after 
filling the fibres with heavy water and lowering thus their refractive index con­
trast. In these experiments the usefulness of the index-scaling laws (Equation 3.5, 
derived using the scalar-wave approximation) as a preliminary tool for the study 
of photonic bandgap fibres was demonstrated for the first time. There was good 
qualitative agreement between the observed transmission bands of the liquid-filled 
P C F ’s and the predictions of both a full-vector model and the scaling law. Dis­
crepancies between experiment and the index scaling laws are mostly due to the
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Figure 3.12: Full-vector calculations for the density of states for the photonic 
crystal shown at the top. The background index of the crystal was taken to be 
that of silica (1.46), while the index in the holes was equal to that of air (bottom 
left plot) and that of heavy water (bottom right)
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fact the latter are strictly valid for the smallest index contrasts and also due to 
experimental factors, such as contribution from light in the fibre cladding. Some 
widening of the shifted bandgaps in the low-index-contrast fibres was observed 
in accordance with theory. Moreover, the experiments demonstrated bandgap 
guidance of light in liquid.
Refractive index scaling is something tha t should always be taken into account 
when filling a HC-PCF with materials other than air. However, very small differ­
ences in refractive indices have a negligible effect on the transmission spectrum of 
the fibre. This is the case with the work described in the two following chapters, 
where HC-PCFs were filled with hydrogen gas: the index of the latter differs from 




V ibrational stim ulated Ram an  
scattering in hydrogen-filled  
hollow-core photonic crystal fibre
In the work presented in this and the next chapter, HC-PCF is used as the host 
of hydrogen gas for efficient stimulated Raman scattering (SRS).1 This chapter 
presents extremely low-threshold generation of vibrational Stokes radiation, 100 
times lower than ever before reported; this low-threshold regime is attributed 
to the very high FOM of the HC-PCF as a Raman gas host. The evolution of 
the different SRS bands with input pump power and interaction length is also 
investigated.
4.1 Introduction
This section provides a brief introduction to SRS in hydrogen gas. It introduces 
some basic concepts and notations that will be used throughout this and the 
following chapters.
1The work presented in this chapter was carried out jointly by the author and Dr F. Benabid. 
It has been published in [11, 48]
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(a) Spontaneous Raman scattering (b) Stimulated Raman scattering
Figure 4.1: Schematic comparison between spontaneous and stimulated Raman 
scattering (SRS)
4 .1 .1  S p o n ta n eo u s an d  s t im u la te d  R a m a n  sc a tte r in g
Apart from the scattering of light by electrons in a medium, the nuclear motion 
can also modify the scattering process. The scattered light can thus be shifted 
in frequency by the characteristic frequencies of optical or acoustic phonons. 
The former is called Raman scattering (inelastic scattering of light by optical 
phonons) and the latter Brillouin scattering (inelastic scattering of light by acous­
tic phonons). In spontaneous Raman or Brillouin scattering the scattered waves 
do not affect the scattering process: when a Raman-active medium is illumi­
nated by a laser beam (called the “pump” beam) of relatively low intensity, the 
molecules may scatter light inelastically, emitting photons at new Raman-shifted 
frequencies. As the input pump beam intensity is kept low, different molecules 
will scatter light independently and incoherently with one another (Figure 4.1(a)). 
This is the case of sponatenous Raman scattering.
On the other hand, when the incident pump intensity is high enough, there will be 
strong enough scattered waves that have the right phase to produce interference 
with the incident wave and with the wave of the excited molecular motion in 
the medium. This is the case of stimulated Raman scattering (SRS) [49]. The 
nonlinearity of the medium offers the necessary coupling between the waves. Due 
to this interference, there can be a rapid build-up of the radiation at the newly 
generated Raman-shifted frequencies at the expense of the incident beam power 
(Figure 4.1(b)). The coupled wave equations for the fields are briefly derived in 
Appendix A; also in that appendix, the equations describing the growth of the 
Stokes and Anti-Stokes waves are given.
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Figure 4.2: Energy levels showing the generation of a Stokes photon (a) and a 
Stokes and Anti-Stokes photon (b) during Raman scattering
Ram an transitions of the hydrogen m olecule
The inelastic scattering of the pump photons with frequency cjp by a Raman- 
active medium can produce photons at new frequencies shifted by an amount 
equal to the frequency wv of the excited Raman transition, as shown in Figure 
4.2. These new frequencies are called Stokes (us =  wp -  cjv) and Anti-Stokes 
frequencies (cjas =  u p + u v). The Anti-Stokes wave is generated via a parametric 
wave-mixing process between the pump and Stokes wave (see Section A.3 on page 
118 of the Appendix).
As the power of Stokes and Anti-Stokes fields increases, they can, in turn, act 
as pump fields for Raman scattering generating higher-order Stokes and Anti- 
Stokes bands. The nth order Stokes and Anti-Stokes frequencies will respectively 
be usn = Up — nujv and u>ASn =  &p +  nu)v.
In general, there can be three types of Raman transitions: vibrational, rota­
tional or a combination of rotation and vibration (ro-vibrational states), as shown 
schematically in Figure 4.3 for a diatomic molecule, such as H2. Each vibrational 
Raman state of the molecule is denoted by the quantum number v = 0 ,1 ,2 ,3 ,... ,  
with v = 0 the ground state. In Raman scattering the selection rule for transitions 
between vibrational states is [50]:
Av = 0, ±1, ±2 . (4.1)
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Figure 4.3: Schematic examples of different excited Raman states of a diatomic 
molecule, such as H2
Furthermore, the vibrational states have a fine structure of rotational states, each 
denoted by the quantum number J  = 0 ,1 ,2 ,. . .  (for diatomic molecules). For the 
hydrogen molecule in particular, the ground rotational state can be either J  — 0 
(when the nuclear spins of the two hydrogen atoms are anti-parallel) or J  =  1 
(when the nuclear spins of the two hydrogen atoms are parallel). The latter is 
called ortho-hydrogen and the former para-hydrogen. In a normal (unprepared) 
hydrogen gas at room temperature they occur at a ratio of 3:1.
The selection rule for rotational Raman transitions is [50]:
A J  =  0, ±2 . (4.2)
According to the molecular states involved, Raman transitions are divided into 
branches. The Raman transition branches are written in the form:
X VV,(J) (4.3)
with v and v' the initial and final vibrational states respectively and J  the quan­
tum number of the initial rotational state. The Q branch involves purely vibra­
tional transitions with Av  = 1 and A J  = 0. For hydrogen molecules, Qoi(l) 
is the vibrational transition v = 0 —> v' =  1 and A J  =  0 of ortho-hydrogen. 
The Raman frequency of this transition is 4155 cm -1 (198.4 THz). The S  branch
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describes rotational or ro-vibrational transitions where A v  = 0 o r v  = 0 ^ v f = l  
and A J  = ±2. For hydrogen molecules, S o o ( l )  describes the purely rotational 
transition A v  = 0 and J  = 1 —> J' = 3 of ortho-hydrogen, while -Soo(O) the rota­
tional transition A v  = 0 and J  = 0 —► J ' =  2 of para-hydrogen. The respective 
Raman frequencies are 587 cm-1 (28.2 THz) and 354 cm-1 (16.9 THz).
Applications of gas-based SRS
Gas-based SRS is a useful nonlinear phenomenon with many diverse applica­
tions: it has been used for broadband generation [51], Raman gas lasers [32], 
high-resolution spectroscopy and even pulse compression [52, 53] and phase con­
jugation [54]. Hydrogen gas in particular has been extensively studied and used 
in SRS due to its high Raman gain, and so there is a variety of work on gas-based 
SRS using different experimental schemes for efficient SRS generation.
Previous work on vibrational SRS in hydrogen gas
As outlined in the previous chapter, mainly two experimental configurations for 
single-pass SRS generation have been used so far: a free-space laser beam tightly 
focused onto a volume of a Raman-active medium (as in [55]), where SRS is 
observed due to the high intensity of the light field at the beam focus; and the 
use of a dielectric capillary as a host for the Raman-active medium, where the 
laser beam is coupled into the lowest-loss mode of the capillary. This technique 
increases the interaction length and improves the FOM of the nonlinear process 
(as in [56, 31], for example). Relatively low threshold energies of the input pump 
pulses were achieved (in the order of 10 /iJ with ~  0.1 ps pulses) [55, 56], even 
though the power requirements remained very high (> 1 MW).
Multiple-pass configurations have also been used in SRS, where the nonlinear 
medium is confined in an optical cavity. This has been most successfully imple­
mented using a high-finesse Fabry-Perot cavity (FPC ), with a resonant frequency 
tightly locked to the pump laser frequency [32]. Continuous-wave SRS genera­
tion has been thus observed at input pump powers as low as 400 /iW, using a 
doubly-resonant cavity filled with hydrogen with an intensity enhancement factor 
of 25 x 103. However, in these experiments the conversion efficiency is small and
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the laser frequency needs to be tightly locked to the resonant design of the FPC.
4.2 Experim ental results and discussion
4.2.1 C hoice o f fibre for vibrational SRS in hydrogen gas
When using a HC-PCF as a Raman gas host, it is necessary to consider the 
transmission spectrum of the fibre with respect to the generated SRS spectrum. 
For the first-order SRS bands of the Qoi(l) vibrational transition of hydrogen to 
be transmitted by the fibre, a bandwidth of at least 200 THz around the pump 
frequency is required. Such a wide transmission spectrum is unattainable by most 
bandgap-guiding fibres (look, for example, at the transmission spectrum of the 
photonic bandgap fibre such of Figure 2.6 on page 12).
In order to overcome this limitation, the HC-PCF used in the experiments de­
scribed in this chapter is the Kagome fibre (described in Chapter 2), which guides 
light by means of low-density-of-states (LDOS) guidance over a broad frequency 
range (see Section 2.1.2). The transmission spectrum of the fibre (which covers 
almost the entire visible and near-IR range) is presented here again in Figure 
4.4 together with the positions of the pump, Stokes and Anti-Stokes wavelengths 
for the present experimental conditions. The minimum loss rate is in the range 
1-3 dB/m. Recalling Figure 2.13(b) on page 22, this fibre offers a FOM enhance­
ment of about 102 compared to other SRS techniques, to which the very low 
threshold SRS achieved is attributed.
4.2 .2  E xperim ental set-up
The experimental set-up is shown in Figure 4.5(a). The two ends of the HC- 
PCF were mounted onto specially designed cells (Figure 4.5(b)). This was done 
by inserting the fibre into a fibre holder equipped with O-ring seals. Then the 
holder was screwed into the gas cell. Both ends of the fibre were optically accessed 
through anti-reflection coated windows to avoid back-reflections. The fibre was 
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Figure 4.4: The loss spectrum of the Kagome fibre used for vibrational SRS in 
hydrogen. The transmission range of the fibre covers the entire 400-1300 nm 
region. The arrows show the wavelengths of the pump laser (green), Stokes (red) 
and Anti-Stokes (blue) radiation. The top right image is an electron micrograph 
of a cross-section of the fibre showing the Kagome lattice of the cladding. The 
bottom right picture shows an optical micrograph of a cross-section of the fibre 
when the latter is illuminated from below with white light. The very broad 
transmission spectrum of the fibre accounts for the white colour of the light 

























h y d ro g e n  Inlet
Figure 4.5: (a) Experimental set-up for vibrational SRS in hydrogen-filled HC- 
PCF. (b) Schematic cross-section of the gas cells used in the experiments for 
filling the HC-PCF with hydrogen gas
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still being held firmly in place by the fibre holder. Once the fibre was mounted, 
one of the cells was filled with H2 gas. Both cells were equipped with gauges to 
monitor the pressure in the interior of the cells. The hollow core and the holes 
in the cladding of the HC-PCF acted then as gas pipes tha t linked the two cells 
and, after sufficient time had elapsed, the pressure in the two cells was equalised. 
The highest pressure achieved was 50 bar, which was the actual recording limit of 
the pressure gauges. The results presented here were acquired at an equilibrium 
hydrogen pressure of 17 bar and for a maximum fibre length of 92 cm.
The pump source used was a (^-switched single-mode frequency-doubled Nd:YAG 
operating at 532 nm with a repetition frequency of 20 Hz and pulse duration 6 ns. 
The laser beam passed through a neutral density filter and then through a pair 
of lenses acting as a telescope to enhance the coupling efficiency into the fibre. 
Afterwards the beam was split into two beams in a 50:50 beam-splitter; one of 
the beams was sent to a power meter while the other was passed through a x4 
microscope objective placed before the input cell window and coupled into the 
lowest-loss mode of the Kagome HC-PCF. The light coming out of the HC-PCF 
was collected by another microscope objective after the output cell window and 
sent to a beam-splitter where it was split into two beams; one beam was directed 
either to an optical spectrum analyser (OSA) or to a fast photodetector to monitor 
the total output spectrum or power. The other beam was further split and sent 
to fast photodetectors in front of which narrow-band (10 nm) interference filters 
were placed to select the various co-propagating wavelengths. This allowed the 
recording of the power evolution of the different Raman components with various 
parameters (fibre length, input power, pressure).
4.2 .3  E xtrem ely  low -threshold SRS
Using this set-up, extremely low-threshold SRS was observed:2 the threshold for 
Stokes generation (Stokes wavelength 683 nm) was 800 ±  200 nJ or 133 W peak 
power at a fibre length of 17 cm. This threshold value is about 100 times lower 
than ever before reported [55, 56] and is due to the high FOM of the HC-PCF as 
a nonlinear gas host. It can be compared with the theoretical threshold energy
2 The threshold energy will be henceforth defined as the input energy for which the ratio of 
the transmitted Stokes-to-pump signals becomes 1:100 (20 dB point)
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value in the steady-state, where the Stokes intensity grows exponentially:
Is  — Isoe° ss ? (4.4)
from the spontaneous Raman noise Iso, with Gss — gRlpLef f  as shown in Section 
A.2 on page 116 of the Appendix. Prom the definition of threshold, one finds that 
the Stokes gain at threshold is Gssjh — 20.
The threshold energy is written as:
Pp,th t- £p,th jss,th =  9R -j  L>eff ~  9R ~a  L ef f  = >
-™-eff eff T
^ c Gss,th A ef f  r a£P,th =  —r ^  T . (4.5)
9 r  Leff
In this derivation, the pulse is treated as a square pulse of width r . Typical 
values of the above parameters in this case are GSS:th = 20, A ej f  = 150 fim2, t  =  
6 ns and gR = 4.5 x 10-11 m W _1 [57]. The effective interaction length is defined 
as [27]:
r 1 -  ex p (-a L )Leff      , (4.6)
with a  the exponential attenuation coefficient (0.69 m-1 for a loss rate of 3 dB/m). 
This gives L ef f  = 0.72 m. The threshold energy is then found to equal 8pfth ~  
1 g, J.
The Stokes signal continues to increase beyond the threshold energy and at an 
input energy Sc = 3.4 ± 0 .7  /iJ (567 W peak power) and a fibre length of 25 cm 
a weak Anti-Stokes signal (at 435.2 nm) is observed, which increases rapidly 
thereafter. The generation of the Anti-Stokes band at such a low power threshold 
is facilitated by the good phase matching conditions in the fibre core. At the same 
time, the Stokes signal keeps on increasing but more slowly than before, until it 
reaches a maximum value and then it starts decreasing slowly. The pump on 
the other hand, after going through a plateau in the same range of values as the 
total energy (see below, Section 4.2.3), drops much more rapidly than the Stokes 
signal. The evolution of the SRS bands is shown in Figure 4.6.
Figure 4.7(a) shows the evolution of the spectrum of light coming out of the 
fibre with increasing pump power along with the generation of the first Stokes 
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Figure 4.6: Evolution of the energy of the pump, Stokes and Anti-Stokes waves 
with input energy for a fibre length of 17 cm
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Figure 4.7: (a) Evolution of the spectrum of the light coming out of the hydrogen- 
filled HC-PCF with increasing input power, (b) Near-field intensity patterns at 
the fibre output of the pump (green pattern), Stokes (red) and Anti-Stokes (blue) 
fields. The streaks in the patterns are artefacts of the camera
spectively (see also Sections A.2 and A.3 of Appendix A). No rotational Raman 
components were observed, and tha t is due to two reasons: firstly, in order to effi­
ciently generate rotational Raman bands, a circularly polarised beam is required 
while the polarisation of the beam in this experiment was linearly polarised (how­
ever, due to the birefringence of the fibre, some depolarisation of the input beam 
is expected). No backward SRS was observed, mainly due to the large linewidth 
of the laser (3 cm-1) compared to the Raman linewidth (< 0.03 cm-1) [58].
A x20 long working distance microscope objective was used to image the near­
field pattern at the output end of the fibre for all three Raman components. The 
mode profiles recorded are shown in Figure 4.7(b). In all three cases the intensity 
profile peaks in the centre of the core. This is an indication that the Raman 
components are coupled into the fundamental mode of the HC-PCF.
Discussion of data on the transm itted power
Having looked at the behaviour of the SRS bands with input energy, their spatial 
evolution with propagation distance will be considered. This is shown in Figure
4.8 at an input coupled energy of 5.6 /iJ, where all three signals are present inside 
the HC-PCF. A dramatic decrease in the pump signal is observed. The pump 
signal disappears over a distance of 42 cm. At the same time, up to a distance 
of about 30-32 cm, the energy of the Stokes wave builds up exponentially at 
rate similar to the attenuation rate of the pump energy. After that point the 
Stokes energy reaches a plateau over a distance of about 10 cm; it then drops 
with almost the same rate as its initial increase until it disappears at a length 
of 55 cm. This energy drop of the Stokes field -  which is about 5 times faster 
then the intrinsic fibre loss rate -  is accompanied by a rapid increase of the Anti- 
Stokes field. However the latter is too weak to account for the rapid decrease and 
eventual depletion of the pump and Stokes fields.
It is very likely that there is some (nonlinear) loss mechanism involved in the SRS 
process. This is corroborated by measurements of the total transm itted power 
carried out for different fibre lengths by successive cut-backs of the original length 
of the fibre. The results are shown in Figure 4.9, where the total transm itted 
energy is plotted against the input energy for different fibre lengths. Up to a value 
of 3 fiJ coupled energy the transmitted power increases rapidly until it reaches
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Figure 4.8: Evolution of the energy of the pump, Stokes and Anti-Stokes waves 
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Figure 4.9: Evolution of the total transmitted energy with input energy for dif­
ferent fibre lengths
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Figure 4.10: Evolution of the (a) the pump, (b) the Stokes and (c) the Anti-Stokes 
energy with input energy
a saturation region for input coupled energy between about 3-4 //J. In fact, for 
Sc > 4 /iJ, bright scattering of the pump and Stokes from the side of the fibre 
was visible during the experiments. This scattering persisted for about 10 cm 
from its starting point which, as the coupled energy increased, moved closer to 
the input end of the fibre. When the input power was reduced, the transmitted 
power was recovered, which means that the observed saturation is not the result 
of fibre damage. Moreover, no higher-order Stokes or Anti-Stokes bands were 
observed, even though their wavelengths lie within the transmission spectrum of 
the Kagome fibre (the second-order Stokes is at 953.6 nm and the second-order 
Anti-Stokes at 368.9 nm) and so higher-order Raman excitations cannot account 
for the observed saturation in transmitted energy.
This saturation region is also apparent if one looks at the evolution of each SRS 
band with input energy in Figure 4.10. The output pump power (plot (a)) also 
experiences a plateau (and subsequent drop) as the total power for the same 
input energy values (3-4 /iJ). At input energies 4-5 fiJ, the Stokes power (plot
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(b)) also reaches a saturation point.
One possible explanation is that the energy loss is due to self-focusing of the laser 
light inside the hollow waveguide. Self-focusing is a result of the Kerr nonlinearity 
of the medium in which the light beam propagates, tha t is the dependence of the 
refractive index on the intensity I  of the propagating field given by:
where n\  is the linear and n2 the nonlinear refractive index. When an intense 
Gaussian-like laser beam propagates in a medium the radial intensity distribution 
of the beam is such that, according to Equation 4.7, the edges of the beam 
experience a smaller refractive index than the brighter central part of the beam; 
this results in phase advance of the edges of the beam. In contrast, diffraction 
has the opposite effect, and the edges undergo phase retardation with respect 
to the central part of the beam. For a certain critical power, the effect of self- 
focusing overcomes diffraction and self-focusing occurs [59]. However, there are 
also nonlinear effects that put a limit to the minimum diameter of the self-focused 
beam. In particular, the presence of high-gain SRS limits the self-focusing process 
up to a certain propagation distance, beyond which the decrease in beam diameter 
ceases and diffraction occurs [60].
In the case of hollow waveguides, self-focusing has been interpreted as energy 
transfer from the fundamental to higher-order modes of the waveguide [61, 62]. 
The critical power for self-focusing (the power above which self-focusing is not 
negligible) is [61]:
where S/3 is the difference in propagation constants between the fundamental and 
the higher-order mode and 7  =  n 2uj/(c A eff) .  The Kagome fibre can support
and leads to coupling to higher-order modes, then these modes will quickly be 
attenuated, and this could account for the plateau region in the total transmitted 
energy.
In order to assess whether the critical power for self-focusing is reached, Equation
4.8 is solved for coupling of the fundamental to different higher-order modes. The
n = n  1 +  n2I  , (4.7)
(4.8)
a low-loss (~3 dB/m) mode (HEn) and a set of higher-order modes with much 
larger attenuations (57 dB /m  for the second-order mode). If self-focusing occurs
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Mode 6(3 (m x) P e r  (W)
HE21, TE01, TM01 7,690 491
HE31, H E_n 17,793 1,137
h e 12 21,329 1,363
HE_21, HE41 30,171 1,928
HE22, TE02, TM q2 37,532 2,398
Table 4.1: Table of the values of the difference in propagation constants between 
the fundamental-like fibre mode HEn and various higher-order modes together 
with the respective critical powers for self-focusing
difference 8(3 is calculated by considering the modes of a straight dielectric hollow 
capillary: the propagation constant (3nm of the mode with indices n and m  is given 
by [22]:
BH u m  ^
nm (4.9)
with unm the m th root of the Bessel J n_i function and Ro the bore radius of 
the fibre. The 6(3 values together with the respective critical powers are shown 
in Table 4.1 for r?,2 =  1.2 x 10~16 m2/W  (at 17 bar) and A ef f  =150 fim2. The 
input energy at which saturation of the transm itted power occurs is about 3-4 
fiJ or 500-670 W peak power. Using the results of Table 4.1, this is above the 
minimum critical power and, therefore, self-focusing can occur inside the fibre 
and may account for the saturation plateaux observed.
Behaviour of the Anti-Stokes band
Returning to Figure 4.8 to look at the behaviour of the Anti-Stokes signal with 
propagation distance, it is found that the increase of the Anti-Stokes signal is 
much more rapid than expected theoretically: recalling Equation A.38 on page 
119 of the Appendix, for constant pump Ip  and Stokes Is field intensities, the 
power of the Anti-Stokes field I  as can be written as [11]:
P a s { z ) = ( S S ) p2pFs z2 sinc2 ( ^ ? )  ■ (4-10)
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In the above, is the nonlinear refractive index of hydrogen (see Equation 4.7) 
and A/3 is the phase mismatch:
A / 3 = ( 2 0 p - P s - I3 a s ) - A I 3n l , (4.11)
where the linear wavevectors (including the dispersion of hydrogen and the waveg­
uide) are $  =  u)in{ui)/c. The second term in the RHS of Equation 4.11 accounts 
for the nonlinear phase mismatch due to nonlinear phase modulation.
The present experimental conditions are: Pp «  Ps ~  100 W, n =  1, 712 =  1.2 x 
10-16 m2/W  at 17 bar, interaction length z ^ O . l m  and A ef f  =150 fim2. Using 
Equation 4.9 one finds A(3z/2 = 1000. By taking the peaks of the oscillatory sincx 
function one finds sine21000 ~  10-6, and the Anti-Stokes power is estimated to 
be approximately 0.04 W, which is about 25 times smaller than the experimental 
value.
If the nonlinear term in Equation 4.11 is neglected, then for perfect (linear) phase- 
matching, the Anti-Stokes power should increase with the square of distance, 
according to Equation 4.10. However, as can be seen in Figure 4.8, the power 
of the Anti-Stokes field grows in a quadratic manner at a much more rapid rate 
than predicted by Equation 4.10. This can be explained either by a concurrent 
decrease in the phase mismatch, or by a decrease in the effective area due to self- 
focusing. The Stokes energy begins to drop rapidly after attaining a maximum 
value at about 35 cm from the fibre input end. At the same time, however, and 
for 35 cm < z < 55 cm, the Anti-Stokes signal drops at a much lower rate (about 
2 dB/m ) which is actually lower than the fibre attenuation rate (3 dB/m) and 
this suggests that there is still Anti-Stokes gain present.
4.3 Sum m ary and conclusions
Extremely low-threshold vibrational SRS was generated in a hydrogen-filled 
Kagome HC-PCF, where both the lst-order Stokes and Anti-Stokes bands were 
recorded. The pump energy threshold for the generation of the Stokes band was 
about 800 n j, which is 100 times lower than ever before reported; this is because 
of the high FOM of the Kagome fibre, which is about 100 times higher than other
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techniques. If a fibre with even lower losses is used the enhancement factor can 
be even larger. The pump and Stokes fields seems to suffer some loss inside the 
HC-PCF, in addition to the intrinsic fibre attenuation: this is attributed to self- 
focusing, which is known to lead to the coupling of power to lossy higher-order 
modes. Estimation of the self-focusing critical power inside the waveguide cor­
roborates this assumption. The parametric Anti-Stokes generation, on the other 
hand, is enhanced by the tight phase matching inside the hollow core of the fibre 
and experiences very rapid growth.
63
Chapter 5
R otational stim ulated Ram an  
scattering in hydrogen-filled  
hollow-core photonic crystal fibre
In the experiments described in this chapter,1 a comb-like SRS spectrum of 9 
purely rotational SRS lines spanning a bandwidth of 80 THz is generated in a 
hydrogen-filled bandgap-guiding HC-PCF. A threshold power for Stokes gener­
ation of less than 10 W is demonstrated. Quasi-continuous-wave (quasi-CW) 
SRS was observed for pulses as long as 35 ns. In addition to the usually dom­
inant SRS bands of ortho-hydrogen, frequencies originating from transitions of 
para-hydrogen were also observed at very low pump powers. Due to the 106 times 
enhancement of the FOM of the HC-PCF compared with conventional techniques, 
SRS is generated over long interaction lengths (10 m) and at low input powers. 
This brings about a new regime in the SRS dynamics, with transient behaviour 
observed for pulse lengths far exceeding the Raman dephasing time. In another 
series of experiments, the selective excitation of only the Stokes band of para- 
hydrogen was observed in normal hydrogen for certain pump frequencies. This 
was achieved for the first time in normal hydrogen.
1The work presented in Section 5.2 was carried out jointly by the author and Dr F Benabid. 
The work of Section 5.2.6 was carried out by the author. All these results have been published 
in [63, 64, 65]
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5.1 Introduction
5.1.1 Previous work on rotational SRS in hydrogen gas
The SRS process in hydrogen is usually dominated by the vibrational Raman 
transitions, which have a higher gain than the rotational ones. Also the latter 
are sensitive to the state of polarisation of the pump beam. Rotational SRS was 
first observed in deuterium gas by Minck et al [66]. In experimental practice, the 
generation of rotational Raman frequencies required the use of special focusing 
geometries of the pump beam and strict control of the polarisation state of the 
latter [67, 68]; however, there were always vibrational Raman components present 
in the SRS spectrum. Only the use of a high finesse Fabry-Perot cavity, tuned to 
be resonant with the rotational Stokes frequency and tightly locked to the laser 
frequency made possible the generation of a purely rotational SRS spectrum even 
though the conversion efficiency was very low (< 5%) [32], In fact purely rota­
tional SRS had never been observed in hydrogen in a single-pass configuration 
before the use of HC-PCF [12]. In that work, extremely low-threshold purely 
rotational SRS was demonstrated in a hydrogen-filled HC-PCF. The latter had a 
narrow enough bandwidth so that only the rotational SRS bands would be trans­
mitted. The set-up was similar to the one described in this chapter. Apart from 
a 106 times reduction in threshold energy for Stokes generation from previously 
published results, this work also demonstrated the extremely high conversion 
efficiency achievable with the HC-PCF (92%, almost quantum limited).
5.2 R esults and discussion
The very high FOM of the HC-PCF establishes a novel regime for SRS. In par­
ticular high Raman gain is achieved for relatively low input powers. Using the 
expression A.34 of the Appendix for the net Raman gain in the steady-state:
G = a n ^ z ,  (5.1)
for typical experimental values qr =■ 3 cm /GW  [32], Pp=100 W, core radius 
Ro = 3.5 n m and z  =  10 m, gives G =  100. Under these conditions of high gain,
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long interaction lengths and low powers, the following points are investigated 
in this chapter: the generation of a quasi-CW comb-like purely rotational SRS 
spectrum, the novel dynamics of Stokes amplification, the effect of GVD and 
fibre birefringence on the SRS gain, the temporal shape of the Raman pulses and 
the selective excitation of the Stokes band of para-hydrogen. Before all these a 
description of the experimental configuration is first presented.
5.2.1 E xperim ental set-up
As in the experiments described in the previous chapter, here a HC-PCF ws also 
filled with hydrogen gas. The fibre used is the same as the one used in [12] and 
is shown in Figure 2.6 on page 12 together with its transmission spectrum: this 
is a bandgap-guiding HC-PCF with a transmission window about 300 nm wide 
centred around the wavelength of 1060 nm. The lowest attenuation rate of the 
fibre is 65 dB/km  near the centre of the bandgap with a core diameter of 7 fim. 
This offers a FOM enhancement factor of about 106 compared with conventional 
techniques (see Figure 2.13(b) on page 22). The fibre was filled with hydrogen 
gas in the way described in Section 4.2.2.
The experimental set-up for the acquisition of the spectra emerging from the 
hydrogen-filled HC-PCF is shown in Figure 5.1.The pump laser source was a 
Q-switched Nd:YV0 4 . This is a compact-sized diode-pumped system producing 
low-energy pulses at 1047 nm of varying repetition frequency and duration. The 
repetition frequency of the laser output varied from 1-50 kHz with a concurrent 
variation of the pulse width in the region 6.5-35 ns. The pulse energy varied 
with pulse width with a maximum energy of less than 100 //J. The laser could 
also operate in CW mode. The laser beam was in a Gaussian TEMoo mode. 
The output pulse repetition frequency of the laser could be varied from 1 Hz 
to 50 kHz. Changing the repetition frequency also changed the pulse duration. 
The pulse width emerging from the laser was measured for the whole range of 
repetition frequencies and the data are shown in Figure 5.1.
A polarising beam-splitter and a half-wave plate are used to control the pump 
power entering the fibre. By means of a rotating quarter-wave plate the state 
of polarisation of the input light can change from linear to elliptical or circular. 
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Figure 5.1: (a) Experimental set-up for acquisition of SRS spectra and measure­
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Figure 5.2: Typical output SRS spectrum of a 10 m-long HC-PCF filled with 
hydrogen at a pressure of 12 bar. The pump pulse width is 7 ns and the pump 
energy is about 4 /xJ. Si, S2, AS1 and AS2 stand for first-, second-order Stokes 
and first- and second-order Anti-Stokes respectively
to monitor the input power. The pump light is coupled into the fibre through 
the window of the hydrogen cell using a microscope objective lens. The output 
light is then collected and sent to an optical spectrum analyser (OSA) and power 
detectors after passing through different interference filters in order to select 
different frequencies of the output spectrum.
5 .2 .2  T h e  S R S  sp ec tru m
A typical output spectrum for a relatively short pump pulse width (7 ns) is 
shown in Figure 5.2. It consists of a comb of nine spectral peaks spanning a 
frequency range of 80 THz. The SRS peaks correspond to different rotational 
transitions of the hydrogen molecules. In particular, the first-order Stokes bands 
both the -S 'o o ( l )  and the £ 00( 0) rotational Raman transition were observed. The 
new frequencies pumped by the input laser field correspond to Stokes and Anti- 
Stokes transitions due to four-wave mixing. The various peaks are labelled on 
the spectrum of Figure 5.2.
6 8
The first-order S o o ( l )  Stokes wave (ortho-Sl) at 1 1 1 5  nm (pumped by the laser 
source) grew to the extent of subsequently generating new Raman frequencies 
(cascade SRS). These frequencies correspond to both types of rotational Raman 
transitions. Furthermore, the first-order S'oo(O) Stokes wave (para-Sl) at 1 1 6 1  nm 
(pumped by the ortho-Sl wave at 1 1 1 5  nm) is stronger than the corresponding 
para-Sl transition at 1 0 8 4  nm pumped by the input laser field. This is due to 
the transmission spectrum of the fibre: in general, the S ' o o ( l )  transitions are the 
most efficient ones, due to the 3 : 1  ratio of ortho- to para-hydrogen. Therefore, 
these transitions will dominate, until the pump wave acquires a frequency for 
which the higher-order S o o ( l )  transitions lie outside the low-loss region of the 
fibre transmission spectrum. In that case the S o o ( 0 )  transition will be enhanced. 
This shows how the effect of the fibre transmission properties can be used to 
suppress an otherwise dominant Raman transition in favour of a weaker one. 
This effect will be further investigated in another series of experiments described 
in Section 5 . 2 . 6 .
The evolution of each one of these peaks with increasing input pump power is 
shown in Figure 5.3(a). Neutral density filters were used after the fibre output 
to prevent the detector from saturating. The strong ortho-Sl wave grows to the 
extent of surpassing the output power of the pump field at an input pump energy 
of around 2.4 fj,J (Figure 5.3(b)). The pump power at the fibre output quickly 
reaches a saturation plateau at an input power of about 450 n j.
Near-field intensity profiles
Profiles of the near-field intensity distribution at the output face of the fibre were 
acquired by collecting the emerging light with a microscope objective and sending 
it to an infrared-sensitive camera (see Figure 5.1). The near-field profiles for the 
pump, ortho-Sl and ortho-S2 fields, taken using interference filters, are shown in 
Figure 5.4. Both the pump and ortho-Sl fields couple to the fundamental mode 
of the HC-PCF, as their frequencies are well centred near the middle of the fibre 
bandgap. However, the ortho-S2 field is coupled to a higher-order mode, as it 
is located near the long-wavelength edge of the fibre bandgap. This is due to 
the finger-like shape of the bandgap as illustrated in Figure 5.5: on the long- 
wavelength side of the propagation diagram, the fundamental mode is cut off at 
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Figure 5.3: (a) Evolution of the power at the different Raman frequencies with 
input pump power, (b) An enlarged detail of the previous plot showing the 
growth of the ortho-Sl power above the power level of the pump
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Ortho-S2 (1193 nm)
Figure 5.4: Profiles of the near-field intensity distribution of the pump, ortho-Sl 





Figure 5.5: Schematic dispersion plot of a HC-PCF with a full PBG (white region) 
demonstrating that, on the long-wavelength side of the plot, the fundamental 
mode is cut off at a shorter wavelength than the second-order mode
5 .2 .3  T h resh o ld  en erg y  m ea su rem en ts
Apart from the generation of quasi-CW, comb-like, purely rotational SRS spectra, 
the very high FOM of the HC-PCF can also affect the dynamics of the amplifica­
tion of the Stokes field. SRS has been mainly studied for very short interaction 
lengths and high input powers. Under these circumstances it is generally as­
sumed that the SRS process reaches its steady-state limit when the interaction 
time-scale (the pulse duration of the pump laser) is larger than the dephasing 
time T2 , which is then identified with the relaxation time of the Raman transi­
tion (inverse of the Raman linewidth). However this may not always be the case: 
temporal analysis of the SRS process [69, 70] shows that for very large interac­
tion lengths the scattering process may still exhibit transient behaviour even for 
pulse widths largely exceeding the dephasing time (see Appendix B and Figure 
5.6(a)). It is noteworthy that for an interaction length of 1 km (a realistic length 
with the low-loss fibres currently available) the steady-state is only reached for 
pulses as long as 200 ns, four orders of magnitude longer than the dephasing time 
T2 = 200 ps of the rotational transition in hydrogen.
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Figure 5.6: (a) Stokes gain versus pump pulse width for different fibre lengths at 
10 W input power as calculated using Equation B.4 on page 120 [69]. The points 
show where the steady-state is reached (gain independent of time), (b) For an 
interaction length of 10 m the steady-state is reached for pulse widths around 
13 ns, which coincides exactly with the experimentally observed transition of the 
dependence of threshold energy on time from transient to steady-state
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mental set-up, threshold energy measurements for Stokes generation were taken 
for different pulse widths. Moreover, the experimental results were compared 
with theoretical models.
Experimental procedure and results
The pump threshold energy for the generation of the first Stokes frequency of the 
5o(l) rotational Raman transition was measured using the set-up shown in Figure 
5.1. As with the acquisition of the output spectra, the input pump power was 
varied by rotating the half-wave plate before the polarising beam-splitter and the 
output light was collected and fed to a spectrum analyser and power detectors. 
The detected signal at the Stokes wavelength was monitored as the input power 
was varied from values below the threshold, where no Stokes signal was detected, 
up to the threshold point where the Stokes signal emerged abruptly.2 This pro­
cedure was repeated for different laser pulse widths in the entire available range 
of 6-35 ns.
The threshold energy was measured for a range of different pulse widths for a 
HC-PCF of length L = 12 m filled with hydrogen gas at pressure p = 12 bar. 
The acquired threshold data are shown in Figure 5.7. The pump threshold energy 
varies from about 90 nJ (13.8 W peak power) for the shortest pulses (6.5 ns) up 
to about 320 nJ (9 W peak power) for the longest pulses (35 ns).
In order to theoretically investigate the threshold dependence on time, the re­
sults of Raymer et al [70] are employed: there, the SRS process is described 
quantum mechanically, encompassing the whole range of temporal domains in­
cluding the spontaneous initiation and the transient and steady-state regimes. 
Transient behaviour is expected for pulse widths between T\ = (gpIpzT )_1 and 
72 =  gRlpzV-1 , where T =  (2-kT2)~1 is the linewidth of the Raman transition. 
Below Ti, the scattering is spontaneous and the Stokes power is given by:
Pso = hvs , (5.2)
with vs the Stokes frequency. The spontaneous Stokes noise found using this last 
equation is 1.4 x 1010 W.
2The threshold energy has already been defined in the footnote of Section 4.2.3 on page 53
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Figure 5.7: Measured pump energy at threshold for the generation of the first- 
order 5oo(l) Stokes wave versus pump pulse width. The dotted line shows a plot 
of the theoretical steady-state threshold energy with time (Equation 5.7) and the 
solid curve is the theoretical transient threshold energy (Equation 5.8)
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In the high-gain limit (gpIpzYr ^>1), the Stokes power in the transient regime 
is given by:
exp (2J2  gp Ip z T  t  — 2IY)
P's (z , t ) »  h v s  y  g7fT------------------- , (5.3)
For pulses longer than t 2 , the SRS reaches its steady-state and the Stokes power 
is given by the well-known equation for steady-state amplification (see Section 
A.2 of the Appendix):
P ss{z, r)  «  hvS7—r = ^ = =  exp(gR IP z) . (5.4)
^ v 7r 9r  Ip  z
Analytical expressions for the threshold energy versus pulse width can be derived 
for each of these temporal regimes: it is assumed that the Stokes field intensity 
experiences exponential amplification:
Is =  Iso eGih , (5.5)
with Gth the gain at threshold. This gives:
In ( ^ j ^ j  = Gth =  constant . (5.6)
Using the above threshold condition for the steady-state (Equation 5.4) yields 
the threshold energy:
=  Q b A m - r  + £ 0 . (5.7)
9 R  L e f f
The energy offset So for r  = 0 is added empirically and accounts for the offset 
between the Stokes intensity in spontaneous and steady-state scattering. The 
slope of the equation corresponds to the steady-state power threshold. Equation 
5.7 is the same as the one found in [71] and is also used later in the chapter 
(Equation 5.10). The energy S sp th{r) is plotted in Figure 5.7 (dotted line) for 
Gth = 20, gR =  3 cm/GW  [32], So = 90 nJ and a core diameter of 7 (jlm is shown. 
L ef f  is the effective interaction length of the SRS process, after taking into ac­
count the fibre loss, and equals 1-exl^~aFL), with ap  the exponential attenuation 
coefficient at the pump frequency (the fibre loss is 70 dB/km  at 1047 nm, which 
gives Oip =  0.016 m-1). This gives an effective length of about 10 m. There 
is excellent agreement between the calculated steady-state threshold energy and 
the experimental points for r  > 12 — 14 ns.
The threshold condition (Equation 5.6) in the transient regime (Equation 5.3)
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gives a threshold energy that is quadratic with time:
£p,tk(r) ~  9r/ e"  [G t h  +  ln(4rfV) +  2rr]2 . (5.8)
41 9R -L'eff
A plot of this last equation is also shown in Figure 5.7 (solid curve) for Gth = 20; it 
describes very well the behaviour of threshold energy with time for pulses shorter 
than 12-14 ns. The very good fit of Equation 5.7 for r  > 14 ns and Equation 5.8 
for r  < 14 ns is a further indication for the transition of the SRS process from 
steady-state to transient around that pulse width. This turning point is found 
to be the same as the time r 2 mentioned above, where transition from transient 
to steady-state takes place. It is also the same pulse width calculated using the 
results of [69], as can be seen in Figure 5.6(b), where the change of the temporal 
behaviour of the Raman gain around 12-14 ns is a fingerprint of the transition 
from transient to steady-state SRS.
All these results demonstrate the novel dynamics of the Stokes amplification in 
this set-up of very long interaction lengths and low input power. Transient SRS 
occurs for pulses as long as 14 ns, well above the dephasing time of the Raman 
excitation.
5.2 .4  Factors affecting th e  SRS gain inside th e  fibre
Inside the waveguide, effects such as group velocity dispersion (GVD) and bire­
fringence can affect the SRS gain. The gain reduction factor R can be used to 
estimate the reduction of the experimental SRS gain. It is assumed that the net 
Raman gain Gexp is reduced from its steady-state value Gss by a factor R :
Gexp ~  R{t ) Gss , (5-9)
where R varies from 0 to 1. In the context of stimulated scattering, the gain 
reduction was first used to study the effect of phonon lifetime on SBS and SRS 
[72]. Here the derivation of the experimental gain reduction follows the method of 
[71]. A linear fit is performed to the threshold data measured at the longest pulse 
widths (see Figure 5.7), the slope of which is taken to be equal to the steady-state 
threshold power P ss,th'-















Figure 5.8: Experimental gain reduction factor (Equation 5.11) as calculated 
from the fitting parameters of the experimental threshold data (Figure 5.7)
Then the gain reduction factor R ( t ) will be given by [71]:
R(r) =  ( l + p ^ - )  . (5.11)
\  R ss,th T J
The experimental gain reduction curve (5.11) is shown in Figure 5.8 (solid line). 
The gain reduction curve (5.11) is extrapolated in the plot for pulse widths outside 
the experimental range. It shows the reduction of the Raman gain even in the 
steady-state regime. This reduction may be due to GVD and fibre birefringence 
and these effects will now be investigated.
Effect of linear dispersion on the SRS gain
So far, the effect of the chromatic dispersion of the fibre on the SRS process 
has not been considered. In general, pulses centred at different frequencies will 
travel with different group velocities due to the dispersion of the waveguide. 
The dispersion parameter D of the HC-PCF used in these SRS experiments was 
measured by Dr Fetah Benabid using a low-coherence interferometric technique 
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Figure 5.9: The experimental group delay (right vertical axis) and dispersion 
parameter (left axis) of the fundamental mode of the HC-PCF used in the rota­
tional SRS experiments. The shaded box is a region of anti-crossings with surface 












on page 17 as:
where ug is the group velocity. The fibre dispersion has a direct effect on the 
SRS gain as can readily be seen by looking at the driving term of the molecular 
excitation (proportional to the product of the fields E pE J, as in Equation A. 14 
on page 115 of the Appendix). In the absence of group velocity dispersion, the 
phases of the pump and Stokes waves adjust to produce maximum gain [73]. 
However, the presence of group delay will affect the relative phase of the pump 
and Stokes waves and will, thus, reduce the gain from its dispersionless value. 
This happens both in the transient and the steady-state.
Two competing characteristic lengths can be defined: a Raman length, L R =  
(9r  / p ) _1> which is a characteristic length-scale for the (dispersionless) amplifi­
cation of the intensity of the Stokes field, and a phase destruction length Ldes 
(over which dispersion effects destroy the phase relationship between the two 
waves). The latter is found to be [73, 74]:
with Aca the bandwidth of the pump laser (215 GHz in this case) and Upts the 
group velocities of the laser and Stokes pulses respectively. The values of the 
dispersionless gain will apply only for L R <C L&es- The Raman length for the 
typical peak power of the pump pulses (10 W) is:
The group velocity mismatch uPl — Ug1 can be calculated by using the experi­
mental data of Figure 5.9 and Equation 5.12, from which it is found to be:
with Dp,s, the dispersion at the pump and Stokes frequencies respectively and 
AA, the corresponding difference in wavelength. From the experimetal data it 
is found that Dp — Ds  =  [—240 — (+272)] ps nm-1km-1 =  -512 ps nm-1km-1. 
This gives, using Equation 5.13:
(5.13)
Lr =  (gn Ip) 1 =  (gn Pp/Aeff) 1 =  250 mm . (5.14)
uP1 -  u /  =  (Dp -  D s ) AA , (5.15)
L ie s  ~  1 0 2 m  , (5.16)
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which is far longer than the Raman length. Therefore, the effect of the linear 
dispersion is very small in the present experiments.
Effect of fibre birefringence on the SRS gain
The fundamental mode of an optical fibre consists of a pair of modes with or­
thogonal polarisation states. Slight anomalies in the fibre core such as twists, 
bends and stress can induce a certain degree of symmetry breaking and the fibre 
becomes birefringent. The two orthogonal modes thus acquire slightly different 
propagation constants; this eventually leads to a change in the state of polarisa­
tion of the output light.
If linearly polarised light is launched into a birefringent optical fibre, it becomes 
elliptical over a short distance. Circularly polarised input light will change its 
state of polarisation periodically as it propagates along the fibre [26]. The length 
after which a given state of polarisation repeats itself is called the beat-length, Ls , 
and it is a measure of the birefringence of the fibre (the shorter the beat-length, 
the higher the birefringence). It is written as [28]:
r 2tt A , .
L B =  ~\~o ~  ----------------------  > 5 -17A/3 nx -  ny
where A/3 is the difference in propagation constants between light polarised along 
the x  and y axes of the elliptical fibre core, with nx and ny the respective modal 
indices.
The rotational SRS gain depends on the state of polarisation of the pump beam. 
This was first observed experimentally [66] and was later described mathemati­
cally [75]. There it was shown that the maximum rotational SRS gain (g^max) 
is obtained for a circularly polarised beam with a co-propagating circular Stokes 
field of opposite sense. In this case, and in the presence of the Anti-Stokes band, 
the Raman gain is independent of the phase-mismatch A A; =  2k l — ks — kAs- 
For plane-polarised pump light the maximum gain occurs for Stokes light linearly 
polarised in the same plane of polarisation; in this case the gain is strongly de­
pendent on phase-mismatch and goes from zero at complete phase-matching (due 
to four-wave mixing Raman gain suppression) to a maximum value of |  g^max 
away from phase-matching. The gain coefficients (normalised to g^max) for dif-
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Table 5.1: Raman gain coefficient for rotational SRS for different states of polar­
isation of the pump and Stokes beams, in the presence of the pump, Stokes and 
Anti-Stokes fields and away from phase-matching
ferent pump light polarisations and away from phase matching are summarised 
in Table 5.1. These values correspond eventually to the ratios of spontaneous 
Raman cross-sections.
From the above, it is obvious that the gain for rotational SRS will be affected 
by any change in the state of polarisation of the pump field due to the presence 
of fibre birefringence. That the fibre is birefringent was immediately clear, as 
circularly polarised input pump light was found to be elliptical at the fibre output. 
In order to investigate the effect of the fibre birefringence on the SRS gain, the 
Raman length (Equation 5.14) can be compared to the beat-length, L r ,  of the 
fibre. For L r  L r , any polarisation effects are expected to average out as the 
state of polarisation of the laser field is varied.
The birefringence of the HC-PCF was estimated by direct measurement of the 
fibre beat-length using the following method. Exerting pressure at some point 
in the fibre will cause stress-induced birefringence, which in turn will affect the 
polarisation state of the output light. For an otherwise perfectly cylindrically 
symmetric fibre core, moving the pressure point along the fibre would not result 
in any additional change in the polarisation of the output light. However, in the 
presence of intrinsic birefringence in the fibre structure, the state of polarisation 
of the output light should change as the pressure point moves along the fibre. 
This change of polarisation is monitored by using a linear polariser at the fibre 
output at a fixed angle with respect to the direction of the output beam. As the 
polarisation of light changes periodically with the movement of the pressure point 
in a birefringent fibre, the component of the output light polarised parallel to the 
plane of the linear polariser will also vary periodically. From the variation of the 
output intensity recorded after the polariser, an estimate of the beat-length of 
the fibre can be deduced.
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The experimental set-up for measuring the fibre birefringence is shown in Figure 
5.10(a). The polarisation of the input beam was changed to circular with a 
quarter-wave plate and a linear Gian polariser was used at the output to select a 
specific plane of polarisation of the output beam. The input beam was modulated 
by means of an optical chopper connected to a lock-in amplifier. A pointed stub 
was mounted onto a translation stage and was used to apply pressure at a certain 
point of the fibre so as to induce some degree of extrinsic birefringence at that 
point. The stub was moved in steps of 2 mm. The light emerging from the 
fibre was collected and collimated by a microscope objective and passed through 
the linear polariser. The laser used was the same Nd:YV0 4  laser at 1047 nm, 
but operating in CW mode. The output light was split into two beams by a 
beam-splitter and one beam was sent to a CCD camera connected to a monitor 
in order to image the near-field intensity pattern at the fibre output. The other 
beam was coupled by means of another microscope objective lens to a single-mode 
conventional fibre pigtailed to a femtowatt receiver. The signal from the receiver 
was fed to the lock-in amplifier. The voltage read on the lock-in amplifier was 
acquired at each step of the moving stub.
The variation of the voltage with the position of the pressure point along the 
fibre is shown in Figure 5.10(b). The period of the signal, and thus the fibre 
beat-length, was found to be 30 mm. This is an order of magnitude smaller than 
the Raman length (250 mm, see also Equation 5.14) and helps explain the small 
role of the fibre birefringence in these experiments. The gain reduction even in 
the steady-state observed in Figure 5.8 may be affected by the fibre birefringence, 
however it should be noted that this may also be related to some uncertainty on 
the exact magnitude of the gain coefficient, which is found in the literature to 
vary between 1-5 cm/GW  [67, 32]. Fibre birefringence should always be taken 
into consideration when a HC-PCF is used in SRS. The birefringence of a HC- 
PCF is found to be strongly dependent on wavelength, and it is one of the reasons 
why many fewer Raman bands were observed in [12] with a pump wavelength of 
1064 nm, where the beat-length is much larger than at 1047 nm.3
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Figure 5.10: (a) Set-up for measurement of the fibre beat-length. (b) Variation 
of the detected signal with the position of the moving pressure point along the 
fibre for estimation of the fibre beat-length. The laser wavelength is 1047 nm. 
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Figure 5.11: Temporal profiles of the pump (solid line) and Stokes (dotted line) 
pulses at (a) low and (b) high gain. The intensity peaks of the pulses are nor­
malised to the peak of the pump pulse. At higher input powers when the Stokes 
pulse grows significantly, depletion of the pump pulse in the time domain is ob­
served
5 .2 .5  T em p ora l p rofiles o f  th e  R a m a n  p u lses
The temporal shape of the Raman pulses was also investigated. Using interference 
filters of 10 nm spectral width, the different components of the emerging pulses 
at the fibre output were sent to InGaAs photodetectors. The traces of the pump 
and first-order Stokes pulses were recorded using a digital oscilloscope at low and 
high input pump powers (Figure 5.11). In the case shown here, the input pulse 
width is 7 ns. As the Stokes pulse builds up, depletion of the pump pulse is 
observed. Just as described theoretically [73], the Stokes pulse rises sharply at 
the peak of the pump pulse and then drops quickly at the trailing edge, following 
the shape of the pump pulse.
The delay between the peaks of the two pulses is 2 ns. The theoretically predicted 
position of the peak of the Stokes pulse with respect to the peak of a Gaussian 
pump pulse of width r  in a dispersionless medium is given by [73]:
t  / 1  X 1/ 2
t o = 2 \2  lnGss)  ’ (5,1S)
where Gss is the steady-state Stokes gain calculated at the peak of the pump 
pulse. For Gss =  30, the theoretical Stokes delay is 3.9 ns, longer than that 
found experimentally. This is believed to be mainly because of the non-Gaussian 
shape of the input pump pulse shown in Figure 5.11(a).
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Figure 5.12: (a) Temporal shapes of the pump, first-order and second-order Stokes 
pulses together with the overall pulse shape at the fibre output, (b) The sum 
of the different Raman components quite accurately reconstructs the total trans­
mitted pulse
The Stokes pulse width is measured to be about 5 ns for the higher input powers 
and thus some temporal narrowing is observed, in accordance with both theoret­
ical and experimental observations in transient SRS [73, 76]. In the steady-state 
temporal broadening is found to occur for the Stokes pulse [69]. This observa­
tion corroborates the previously discussed conclusions from SRS threshold data, 
where transient SRS was found to take place for pulse widths less than 12 ns.
Using the same method as above, the temporal profiles of the pump, first-order 
and second-order Stokes pulses as well as that of the overall pulse coming out of 
the fibre were acquired. The voltage reading of the oscilloscope trace was cali­
brated with respect to the power incident on the photodetector -  neutral density 
filters were used just before the photodetector to avoid saturation. Oscilloscope 
calibration also accounted for the detection efficiency of InGaAs at different wave­
lengths and for the absorption introduced by the different interference filters used 
to isolate the SRS components. These pulse shapes are shown in Figure 5.12. In 
the same figure the sum of the different Raman temporal traces is compared to the 
trace of the total transmitted pulse. The latter is quite accurately reconstructed 
by the sum of the constituent pulses.
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Back-reflected pulses
The pulses travelling in the backward direction were also collected and analysed 
(see Figure 5.1). The temporal profiles of the backward travelling pulses are 
shown in Figure 5.13(a). The two peaks correspond to light back-reflected at the 
windows of the two gas cells as marked in the inset picture. The time interval 
between them («  80 ns) was measured to correspond exactly to the difference in 
propagation distance between the two pulses (twice the length of the 12 m-long 
fibre). No other backward travelling pulse was detected and no backward SRS 
was observed.
The different Raman components of the back-reflected pulses were isolated using 
interference filters. In the same figure it is shown that the pulse back-reflected at 
the output cell window was strong enough to generate new backward-travelling 
SRS waves. In the same manner as the forward-travelling pulses, the back- 
reflected pulse at the pump wavelength is also depleted when exiting the fibre 
due to the build-up of the Stokes pulse. Spectra of the back-reflected light were 
acquired. A typical example taken for a pulse width of 10 ns is shown in Figure 
5.13(b).
5.2 .6  Selective R am an excita tion
It has so far been demonstrated how the very high FOM of the HC-PCF affects 
both the efficiency and the dynamics of the SRS process. The fibre also affects the 
SRS spectrum via its transmission bandwidth: if the pump wavelength is varied, 
different SRS bands will suffer different attenuation rates. Selective generation 
of specific SRS bands can thus be achieved by tuning the pump wavelength. In 
the experiments described in this section, the pump wavelength is scanned across 
the transmission bandwidth of the hydrogen-filled HC-PCF; as a consequence, 
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Figure 5.13: (a) Temporal shapes of the backward travelling pulses back-reflected 
at the gas cell windows as shown in the picture, (b) Typical spectrum of the back- 
reflected light, consisting of several Raman frequencies
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Figure 5.14: Experimental set-up using the OPO as the pump source
Experim ental set-up and procedure
The experimental set-up is shown in Figure 5.14. The pump source was the 
output (idler) beam of the Quanta Ray MOPO-HF (master oscillator/power os­
cillator high-finesse) optical parametric oscillator (OPO) by Spectra-Physics. In 
the system used in these experiments, the signal and idler wavelengths can be 
varied in the ranges 450-690 nm and 735-1800 nm respectively. The wavelength 
tuning is controlled electronically and is completely automated. The linewidth is 
sub-0.075 cm-1.
The HC-PCF used was the same as in the previous experiments and its length 
was 5 m. The hydrogen pressure was 13 bar. The pump wavelength was scanned 
in the range 950-1180 nm. The output of the OPO (pulse duration 5-6 ns, pulse 
energy of 15 mJ, peak power 5 MW) was attenuated -  typically down to 15 /iJ 
(5 kW peak power) -  and then sent to a flipper mirror. The diameter of the 
output beam was about 5 mm. One path of the beam was passed through a 
pair of lenses acting as a telescope and then coupled into the HC-PCF with a 
microscope objective lens (the telescope was used to reduce the beam size and 
increase the coupling efficiency, which, however, remained low -  less than 10%). 
The other beam was used to monitor the input power. The output of the beam 
was split into two beams again with a beam-splitter. One beam was sent to a 
photodetector connected to an oscilloscope and the other beam was sent to an
OSA. The detectors and the OSA were triggered by the control electronics of the 
MOPO-HF system to the (^-switch of the Nd:YAG laser (the laser pump of the 
OPO).
Results and discussion
The evolution of the various components with pump wavelength is shown in Fig­
ure 5.15(a). The transmitted power at each SRS component is shown normalised 
to tha t of the output pump power. In the same figure the attenuation spec­
trum  of the fibre is plotted. Up to a pump wavelength of 1060 nm the waves at 
both the first- (SI) and the second-order (S2) Stokes frequencies of the S'oo(l) 
transition of ortho-hydrogen are present in the output spectrum. For a pump 
wavelength of 990 nm they both exceed the output pump power. At a pump 
wavelength of 1060 nm the ortho-S2 wave becomes completely suppressed as the 
fibre attenuation dominates over the Raman gain. In parallel, the ortho-Sl power 
decreases as well, but suffers much smaller loss, and is still present in the spec­
trum. The ortho-Sl wave becomes suppressed when it reaches a wavelength of 
1256 nm (pump wavelength 1170 nm).
Interestingly, at 1143 nm pump wavelength the S i wave of the Soo(O) transition of 
para-hydrogen is detected (with its wavelength at 1190 nm). As the pump wave­
length increases the para-Sl wave is amplified and reaches a maximum value (at 
pump wavelength 1170 nm) just as the ortho-Sl wave is simultaneously vanishing. 
Around this region of pump wavelength, only the para-Sl Raman component is 
present. To the author’s knowledge, this is the first time that the para-Sl Stokes 
wave has been uniquely generated in normal hydrogen gas without any Raman 
components of ortho-hydrogen being present in the SRS spectrum.
This behaviour of the SRS peaks as the pump wavelength is varied is a result of 
the respective behaviour of the Raman gain for each one of the SRS bands. The 
exponential gain factor for the Stokes intensity is:
, PP 1 -  exp( ~ a P L )
G = g R - --------------------------------a s L  , (5.19)
A e f f  a P
where apts  the exponential loss coefficient at the pump or Stokes frequency re­
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Figure 5.15: (a) Evolution of the measured peak power of the Stokes compo­
nents at the output of the hydrogen-filed HC-PCF as the pump wavelength is 
scanned in the region 950-1180 nm. The transmitted power is normalised to the 
acquired pump power at the output of the fibre. The numbers in boxes show the 
wavelength that the different SRS components acquire at the particular pump 
wavelength. The figure also shows the loss spectrum of the fibre (right-hand 
axis), (b) Raman gain of the Stokes intensities of the two rotational Raman 
transitions and fibre loss spectrum against pump wavelength. The input pump 
power is 15 W, while the Raman intensity gain coefficient gn for the S o o ( 0 )  tran­
sition is taken as one third of that of the S 'o o ( l )  transition, due to the 1:3 ratio 
of para- and ortho-hydrogen
90
of the form Ps(L) oc eG' . This gain is plotted for the observed Stokes frequen­
cies against the pump wavelength in Figure 5.15(b). For the estimation of the 
gain of the second-order Stokes wave, the field at the first-order Stokes frequency 
was taken as the (constant) pump source. The plotted gain is normalised to the 
lossless steady-state gain G = Qr L  for an input pump power of 15 W.
In this last plot 5.15(b), the ortho-S2 gain drops dramatically after a pump 
wavelength of about 1070 nm, which is exactly where its power drops to zero 
in Figure 5.15(a). Similarly, the ortho-Sl gain drops significantly after a pump 
wavelength of 1150 nm, which is again the point at which its signal disappears 
on Figure 5.15(a). On the other hand, the para-Sl gain remains relatively flat 
over the range of pump wavelengths. Even so, the para-Stokes signal emerges 
in Figure 5.15(a) only after the more efficient transitions of ortho-hydrogen are 
suppressed. However, it must be noted tha t the Stokes gain estimated here is 
only approximately valid. An accurate calculation would require the solution of 
the full set of coupled differential equations of the waves present in the nonlinear 
medium -  pump, ortho-Sl, ortho-S2 and para-Sl waves -  in which the fibre loss 
spectrum is also taken into account for each of these waves.
5.3 Sum mary
By pumping a hydrogen-filled photonic bandgap HC-PCF with long, quasi-CW 
pulse a comb-like SRS spectrum of nine purely rotational Raman lines was gen­
erated. Raman transitions of both ortho- and para-hydrogen were observed. The 
pump energy threshold for the generation of the lst-order ortho-Stokes band was 
about 90 nJ. Such a spectrum can be useful for various applications, such as pulse 
synthesis and compression, if the different components are fixed in phase [53, 52]. 
The generation of the SRS spectrum is attributed to the very high FOM achiev­
able with the HC-PCF. This leads to SRS generation over long distances and at 
low powers. In this operation regime, the dynamics of Stokes amplification were 
found to exhibit a novel behaviour, where transient SRS takes place at pulses 
as long as 14 ns. This was both demonstrated experimentally and corroborated 
theoretically.
Apart from its high FOM, the HC-PCF affects the SRS process via its trans­
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mission spectrum. By using a pump beam with tunable wavelength, the usually 
dominant SRS lines of ortho-hydrogen were suppressed as their wavelength moved 
into edge of the bandgap; at the same time the Stokes band of ortho-hydrogen 
was enhanced until it became the only component of the SRS spectrum when the 
other bands were suppressed.
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Chapter 6
Hollow-core photonic crystal 
fibres for laser m anipulation of 
m icrom etre-sized particles
The last two chapters described nonlinear light/m atter interactions (in partic­
ular SRS) in HC-PCFs. This chapter will look at a linear type of interaction 
inside a HC-PCF: laser-induced particle guidance. Calculations of the optical 
forces acting on dielectric spheres guided inside a HC-PCF are presented.1 The 
calculations are compared with experimental results [9, 10, 48]. It is also shown 
that, by using a HC-PCF, particle guidance with low power requirements over 
extremely long distances is achievable.
6.1 Optical forces on a dielectric sphere
Every photon of wavelength A carries a momentum of magnitude h/X. When light 
is scattered by a particle, there is a change in the momentum of the scattered 
light. The optical or radiation pressure forces exerted on the scattering particle 
are a result of the momentum transfer from light to the particle. The most 
general way to derive the optical forces on a particle of arbitrary size is the
:The calculations presented in this chapter were carried out by the author and have been 
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Figure 6.1: Optical forces on a dielectric sphere illuminated by a laser beam in 
the RO approach. See text for more details
generalised Lorenz-Mie theory (GLMT) [78]. However, due to the complexity of 
the numerical calculations involved in this approach, it is customary to study the 
particle/laser interaction for two specific cases: firstly, for particles much larger 
than the wavelength of the laser light, geometric optics can be used to a good 
approximation. Secondly, Rayleigh scattering theory can be used for particles 
much smaller than the wavelength [79].
The laser guidance mechanism as described by the ray optics (RO) approach [34] 
is now briefly outlined. A beam, with an intensity maximum on its propagation 
axis (for example, the lowest-order Gaussian laser mode) propagates in a medium 
of refractive index n  and illuminates a dielectric spherical particle of index np 
{rip > n ) located off the beam axis (Figure 6.1). The rays 1 (closer to the 
intensity maximum) and 2 (away from the intensity maximum) hit the particle 
surface symmetrically about its centre. For a highly transparent particle we can 
neglect any reflections at the surface of the sphere. As ray 1 is refracted twice on 
the surface of the sphere, there is a change of the momentum of light Api in the 
direction shown in Figure 6.1(a). — Api  is the amount of momentum transferred 
by the light ray to the particle. Therefore, a force F\ is exerted on the sphere in 
the opposite direction to Api, as in Figure 6.1(b). This force tends to drive the 
particle towards the beam axis and along the direction of the beam propagation. 
Similarly, ray 2 will also exert a force on the particle (F2), but this force will tend 
to push the particle away from the beam axis. However, due to the intensity
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profile of the beam, F2 will always be smaller than F\. After summing over all 
such symmetrical pairs of rays, one finds that the total force Ftotai will tend to 
push the sphere towards the beam axis and in the direction of propagation of the 
laser beam, as shown in Figure 6.1(c).
The total radiation force on the sphere Ftotai can be decomposed into a component 
parallel (axial force) and normal (gradient force) to the beam axis. Based on 
the RO approach several models have been proposed tha t take into account the 
diffraction of a freely propagating Gaussian beam [80] and others that treat the 
incident rays as streams of photons [81].
When the particle is much smaller than the wavelength, its interaction with the 
laser beam is treated in terms of Rayleigh scattering. In this wave-optic regime, 
the axial force depends linearly on the polarisability a  of the particle and the 
laser power, while the gradient force depends on the polarisability and the radial 
intensity gradient of the beam [79].
6.2 Particle guidance in a H C -PC F
6.2.1 P revious work
Particle guidance in a HC-PCF was first demonstrated in the experimental work 
of [9, 10]. Before the advent of this type of fibre the only alternative for laser
guidance of dielectric particles had been the use of hollow capillaries [36, 82],
which of course suffer from the limitations described in Section 2.5 of Chapter 2.
6.2 .2  E xperim ental background
In the experimental work presented in [9, 10], on which the calculations of this 
chapter are based, dry polystyrene spheres of 5 fim diameter were levitated in 
air and then guided inside the core of a HC-PCF over a distance of 15 cm. The 
experimental configuration is shown in Figure 6.2. The laser used was an Ar+ 
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Figure 6.2: The experimental set-up for particle levitation and guidance used in 
fQl
fibre core was 20 fim and the fibre loss rate was 5 dB/m. The polystyrene spheres 
were deposited on a glass slide resting on piezoelectric elements vibrating at a 
resonant frequency of about 80 kHz. This was done to break any van der Waals 
or electrostatic bonds between the particles and/or between the glass slide and 
the particles. The fibre was mounted perpendicularly with its input end-face 0.5- 
1 mm above the glass plate. Thus, the optical scattering force is in the opposite 
direction to the gravitational force. Cameras were used for the acquisition of 
real-time video streams of the particle motion.
Figure 6.3(a) shows a sequence of a polystyrene sphere being levitated from the 
glass slide on which it rested and coupled into the HC-PCF by means of the 
radiation forces exerted on the particle by the Ar+ laser beam. The velocity 
dz/d t  of the particle in the vicinity of the input end of the fibre was measured 
to be 1.2-1.5 cm/s. Figure 6.3(b) shows a sequence of a polystyrene sphere being 
guided inside the hollow core of the HC-PCF. The particle velocity inside the 
fibre was measured to be 1 cm/s.
This is the experimental background for particle guidance in a HC-PCF. The
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Figure 6.3: (a) Optical levitation of a polystyrene microsphere from the glass 
plate on which it rested to the entrance of the HC-PCF. (b) Sequence of video 
frames showing guidance of a microsphere inside the core of the HC-PCF by 
means of radiation pressure of the laser light guided in the fibre
following will give a calculation of the forces acting on the sphere outside and 
inside the fibre.
6 .2 .3  F orces o u ts id e  th e  fibre
In this section the budget of forces acting on the sphere outside the fibre during 
the levitation process is calculated. These forces include the gravitational force, 
the van der Waals attraction to the glass substrate and hydrodynamic forces, 
and of course the optical forces induced by the laser beam. In this and all the 
following sections, z is the laser beam axis (outside the fibre) or the fibre axis 
(inside the fibre), r is the transverse distance from the beam axis. The point 
(r, z) = (0,0) is the centre of the laser beam waist located at the fibre entrance.
In the perpendicular configuration of Figure 6.2, the gravitational force Fg is in 
the opposite direction to the optical scattering force that causes the particle to 
levitate. This force is:
Fg = ^7va3 ppg = 0.22 pN , (6.1)
where a = 2.5 pm  is the radius and pp =  1.06 g/cm3 the density of the polystyrene 
sphere. As will shortly be shown, this force is too weak compared with the optical 
force (~  10 pN) to have any effect on the levitation process. It can potentially
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be important inside the HC-PCF, when the fibre loss causes the optical force to 
decrease with length.
When dielectric particles are to be levitated in air, the attractive forces between 
the particles and the substrate have to be overcome. These forces can be several 
orders of magnitude higher than the radiation forces. In the present experiment, 
the dominant force is the surface tension on the polystyrene because of its contact 
with the glass slide. While the optical forces are in the order of 10-12 — 10-11 N, 
surface tension can be up to 10-4 N [83].
Furthermore, the van der Waals force between the particle and the substrate is 
given by [83]:
FvdW =  - (6-2)6 Xq
with A 132 the Hamaker constant between materials 1 and 2 surrounded by mate­
rial 3 (j4i32 ~  10-20 —10-19) and xq the distance between the sphere and the plate 
(typically a few A on contact). This gives an order of magnitude Fvdw ~  10-7 N. 
A similar attractive force acts between two polystyrene spheres. For the size of 
spheres used in the experiment the electrostatic forces are negligible and become 
significant only above a critical sphere radius acr «  0.5 mm. It is noteworthy 
that, in water, the surface tension disappears, while the Hamaker constant drops 
about one order of magnitude.
Therefore, when working in air the particle substrate must be vibrated by PZT 
elements operating on resonance, where the vibration is highly nonlinear and 
large accelerations can be achieved. This will give the particles the necessary 
thermal energy to overcome all the above mentioned attractive forces opposing 
the induced radiation pressure.
In order to estimate the drag, the type of flow must be established. This is done 
by calculating the Reynolds number Re. Outside the fibre, as the sphere is being 
levitated, the Reynolds number is given by [84]:
R e = Vap = Va
rj v
where V  = dz /d t  is the particle velocity and p the density of the surrounding 
fluid, r) is the viscosity of the surrounding fluid and v =  rj/p the kinematic 
viscosity (v = 15 x 10-6 m2/s  for air at 20°C). For a = 2.5 /im, p =  0.0013 g/cm 3
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and V  ~  1 cm/s, one finds Re ~  0.0001. for such a low Reynolds number the 
flow is laminar [84] and the drag Fd is given by Stokes law:
Fd = GnrjaV «  8.5 pN . (6.4)
The radiation forces exerted on the polystyrene spheres outside the HC-PCF 
during the levitation process were computed using two different models based 
on the RO approach. The first model, wdiich only calculates the axial force for 
particles on the beam axis, is the one found in [80]. In this model the basic RO 
approach [85] is extended to include the diffraction of the propagating Gaussian 
beam.
By numerically solving the force Equation C.2 of Appendix C [80], the plot shown 
in Figure 6.4 was obtained for the present experimental conditions (Wq = 10pm 
and 80 mW power). The plot shows the axial force, Fz versus axial distance z 
from the beam waist, z is negative when the sphere is located in the convergent 
part of the focused beam, and positive when the sphere is in the divergent part 
of the beam. The illuminated particles were taken to be polystyrene spheres 
(density of spheres pp = 1.10 g-cm-3, refractive index np = 1.55 at 514.5 nm) 
with a diameter of 2a =  5 pm  in air (p = 0.0013 g-cm-3 , n  =  1.00), located on 
the beam axis, while the wavelength is A =  514.5 nm.
In [9] the force on the particle was measured using video frames (in the same way 
as with the measurement of the particle velocity):
4 3 d2z . .
-Cz ,m e a su re d  =  ^  ^ 2  ’ \  ^ /
In Figure 6.4 the experimental data from [9] of the measured force on the
polystyrene sphere are compared with the theoretical prediction. The discrep­
ancy between theory and experiment is due to the fact that the measured force 
is the total force acting on the particle:
d z
F z ,m e a su r e d  F opn cai F g  QtTTJCI ^  , (® -6 )
tha t is, including the contribution of the gravitational force (~0.22 pN) and the 
drag.
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Figure 6.4: Calculated optical force acting on the polystyrene sphere in the axial 
direction using the model of [80] (solid curve, Equation C.2) and the model of 
[81] (dot-dashed curve, Equation C.12). The solid circles are the experimental 
points of [9]
T yp e o f Force Force M agnitude (N )
Gravitational Force 2.2 x 1 0 -13
Stokes Drag 8.5 X 10-12 (for 1 cm /s particle velocity)
Surface Tension 10- 4  (on contact with glass substrate in air)
van der Waals 10- 7  (on contact with glass substrate in air)
Optical Force (3 — 5) X 10-11 (for 80 mW laser power)
Table 6.1: Table giving the budget of forces acting on the sphere outside the fibre 
during the levitation process
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z (from fibre entrance):
A: 0 (.im 
B: 100 (.im 
C: 250 nm 
D: 500 nm
cl 25
Transverse Distance from Beam Axis (rim)
Figure 6.5: Calculated gradient force acting on the sphere outside the fibre for 
different distances from the fibre entrance, where the beam waist is located. The 
model used was tha t of [81] (Equation C.19)
outside the fibre. For a moderate laser power of only 80 mW, the only competitors 
to the optical force is the surface tension and van der Waals attraction between 
the particle and the glass substrate. Levitation in air is therefore possible by 
means of the laser-induced optical force, once of course the van der Waals force is 
broken by vibrating the substrate as already described. The minimum laser power 
required to overcome all the non-optical forces (apart from the surface tension 
and van der Waals force) is 13.5 mW for the present experimental conditions 
(5-/zm-diameter polystyrene spheres in air).
For the transverse force outside the fibre a different model was used (the previous 
model only gives the axial force): it is called the enhanced RO model and was 
introduced by Gauthier and Wallace [81]. Even though it is still a RO model, 
it treats the light rays as streams of photons crossing a dielectric sphere (see 
Appendix C).
The gradient force (Equation C.19 in Appendix C [81]) is plotted in Figure 6.5 
against the transverse offset r  for different axial (z) positions of the particle along
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the beam axis. The transverse offset is the distance between the centre of the 
sphere and the beam axis. The beam waist radius is 10 /im. In all cases the 
transverse force is a restoring one that traps the particle in the centre of the 
beam. Clearly, the strongest restoring force occurs when the particle is located 
at the beam focus, since the transverse intensity gradient of the beam is then at 
its maximum. The resolution of the video frames was not high enough to allow 
the measurement of the transverse position of the particle and of the gradient 
force acting on it.
6.2 .4  Forces inside the fibre
It has been noted that a decrease in the velocity of the sphere was observed when 
it entered the fibre. This is the result of two factors: firstly, a drop in the laser 
power inside the fibre due to coupling losses (the coupling efficiency was about 
60-70%). Secondly, an increase in the drag on the particle inside the fibre core. 
This results from the proximity of the particle to the inner surface of the fibre 
core (the so-called wall effect [84]).
Inside the fibre, where the particle is contained in the cylindrical core, the flow 
is described by the relative particle Reynolds number [84]:
where Vq is the fluid velocity, R q the fibre core radius and b the distance between 
the fibre axis and the centre of the sphere. For motion through a stationary fluid 
(Vo =  0), the last equation reduces to Rep = 2aV/v  =  0.00034 • V.  This means 
that the flow is still laminar inside the fibre, but now the Stokes drag becomes:
d z
Fd =  6K7T7]a —  , (6.8)
at
where K  is a correction factor that accounts for the effect of the container walls. 
For a sphere moving axially inside a cylindrical container this factor is given by 
the empirical formula [84]:




Radial Distance from Fibre Axis (nm)
Figure 6.6: Radial variation of the calculated axial (a) and gradient (b) radia­
tion force acting on the polystyrene sphere inside the HC-PCF. The model used 
was tha t of [81] but modified for an undiffracted beam with a zero-order Bessel 
intensity distribution
Substituting a = 2.5 fim and Ro — 10 /im gives K  = 2, and so the Stokes’s drag 
inside the fibre is twice as much as outside the fibre.
The models used so far for calculating the optical forces are only applicable 
for levitation outside the fibre. Inside the HC-PCF the lowest-loss mode has a 
Bessel intensity distribution (see Section 2.2) and there is no diffraction of the 
illuminating beam. In order to model the radiation forces on the polystyrene 
sphere inside the fibre, the equations of [81] were modified (see also Section C.2 
in Appendix C). In particular, the intensity distribution was changed from that 
of the lowest-order Gaussian mode to:
~  ( 2 '4 ^ )  e x p ( _ a L 2 : )  ’ (6‘10)
with J 0 the zero-order Bessel function and the exponential loss coefficient of 
the HC-PCF at the operating wavelength. This approach is different from the one 
in [9] where, as an approximation, the equations relating to a Rayleigh particle 
were used. Under the present experimental conditions (a sphere radius of 5 /im 
in a HC-PCF with Ro = 10 /im), the axial and gradient forces are plotted against 
transverse distance from the fibre axis at the fibre entrance in Figure 6.6. Further 
along the fibre, the effect of the fibre loss rate will reduce the magnitude of the 
forces. Moreover, the presence of the dielectric sphere itself will possibly have an 
effect on the propagating mode, acting as a local disturbance [86]. Finally, it can 
be noted tha t the results of Figure 6.6 are in very good agreement with those 
found in [9], even though equations for Rayleigh spheres were used in the latter.
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T y p e  o f Force Force M agn itu d e (N )
Gravitational Force 2.2 x 10-13
Stokes Drag 1.7 X 10 ^  (for 1 cm /s particle velocity)
Optical Scattering Force 5 x 1 0  ^  (at the fibre entrance for 80 mW laser power)
Table 6.2: Table giving the budget of forces acting on the sphere in the vertical 
(axial) direction inside the fibre
Table 6.2 summarises the budget of forces acting on the particle inside the fibre.
Figure 6.7(a) shows the effect of the size of the HC-PCF core on the magnitude 
of the restoring gradient force. For a core diameter of 6 fim the force can be an 
order of magnitude higher than in the present experiment.
The maximum guidance length achievable inside a HC-PCF is found by equating 
the optical force with the gravitational force, Fg, and is given by:
(6 .11)
with a  the exponential decay rate and F0 the peak of the transverse force. In a 
vertical configuration, like the one employed in the present experiments, with a 
fibre of a moderate attenuation rate of 1 dB/km, the maximum levitation height 
attainable is 2 m. In a horizontal configuration, inside a contemporary HC-PCF 
with an attenuation rate of ~  1 dB/km, the guidance length is found to be (using 
the results of Figure 6.6(b) with F0 =  25 pN) up to 8 km -  about 6 orders of 
magnitude longer than the guidance length achieved with a focused beam, given 
tha t the particle remains transversely stable. These results hold for the present 
experimental conditions (5-/im-diameter polystyrene spheres in air and 80 mW 
laser power at 514.5 nm).
Furthermore, the HC-PCF offers the possibility of guiding particles around bends 
in the fibre: the centrifugal force m V 2/ R  is about 2 orders of magnitude lower 
than the gravitational force and 4 orders of magnitude lower than the radial 
optical force (estimated for a critical bend radius of 1 cm and particle velocity of 
the order of cm/s) [9].
The transverse trapping stability inside the fibre is checked by estimating the
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Figure 6.7: (a) The gradient optical force acting on the polystyrene sphere with a 
radius of 2.5 /im inside HC-PCFs with different core radii, (b) Restoring range of 
the radial force versus fibre core radius (points). The arrow marks the operation 
point in the experiments. The line shows a quadratic fit to the data (this type of 
dependence on core size was predicted in [9])
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radial restoring range of the gradient force, within which the optical force over­
comes the thermal motion of the sphere. It is assumed that for small (< 2 /im) 
transverse displacements from the beam axis (where the gradient force is almost 
linear with r) the potential energy of the restoring gradient force is that of an 
harmonic oscillator. The numerical data calculated above (Figure 6.6(b)) are 
fitted to that of a spring force, Fr = —n • r, where tz is the spring constant. The 
spring constant thus derived was found to be:
k = 8 x 1(T6 N /m  . (6.12)
The potential energy of the oscillator is given by:
Wapt =  . (6.13)
The thermal energy on the other hand, is:
w th =  kBT  , (6.14)
where Ub = 1.3807 x 10~23 J /K  is Boltzmann’s constant and T, the ambient 
temperature. From this, one gets W t h — 4 x 10~21 J. Equating the two energies 
gives the restoring range of the radial force, rres, from the beam axis:
rres = 0.032 fj,m . (6.15)
This is the restoring range around the intensity maximum in the present exper­
imental conditions, where the laser power is 80 mW. By equating the restoring 
range with the fibre radius (5 /im) one finds tha t the corresponding spring con­
stant is 3 x 10-9 N/m. This, in turn, corresponds to a laser power of only 
0.3 mW, which demonstrates the low power requirements for particle guidance 
inside a HC-PCF.
Even though the experimental restoring range (Equation 6.15) is enough to pre­
vent the particle from hitting the core walls, it can be further improved by using 
fibres with smaller cores. Using the method just described, the restoring range 
was calculated for different core radii. The results are shown in Figure 6.7(b).
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6.3 Sum mary and conclusions
The optical forces on a dielectric sphere being levitated in air and guided inside 
a HC-PCF by means of radiation pressure forces were calculated. Apart from 
the laser-induced forces, the gravitational, van der Waals and Stokes drag forces 
were also estimated. The models used were based on ray optics, a valid assump­
tion for spheres with 5 /im diameter illuminated by a laser beam of wavelength 
514.5 nm. The agreement with experimental data [9] was very good. It was also 
found that, inside a state-of-the-art HC-PCF, the minimum laser power required 
to transversely trap and guide a polystyrene sphere like the one used in the ex­
periments is only C.3 mW, while the maximum guidance length in a horizontal 
configuration for a laser power of 80 mW can be up to several kilometres -  6 or­
ders of magnitude longer than the length attainable with a focused beam. These 




Sum m ary and future work
7.1 Sum mary
This thesis focused on the investigation of super-enhanced laser/m atter interac­
tions inside hollow-core photonic crystal fibres (HC-PCFs). After exploring the 
effect that any changes in the refractive index contrast might have on the trans­
mission properties of the fibre, efficient vibrational and rotational SRS generation 
in a HC-PCF was demonstrated. Finally, the efficiency of using a HC-PCF for 
laser-induced particle guidance was also investigated.
Refractive index scaling and bandgap-guidance in liquid
The first experimental observation of refractive index scaling laws [41] in pho­
tonic bandgap fibres was demonstrated [39] in Chapter 3. Such scaling laws 
are of great usefulness for applications that require the filling of HC-PCFs with 
different materials, especially if this brings about a considerable change in the re­
fractive index contrast of the fibre. An experimental demonstration of these laws 
was carried out by replacing the air in HC-PCFs with heavy water, thus lowering 
the refractive index contrast of the fibre structure. White light and supercon­
tinuum transmission spectra were taken before and after filling the fibres. The 
transmission bands of the water-filled HC-PCFs were shifted in frequency by a
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factor that was found to agree very well with the scalar-wave index-scaling laws. 
Finally, it is noted that apart from the demonstration of index-scaling, these 
experiments showed photonic bandgap-guidance in liquid. This can potentially 
open up possibilities for new fibre devices, as will be mentioned later.
Stimulated Raman scattering in hydrogen-filled HC-PCF
The first experiments ever carried out on gas-based nonlinear optics in HC-PCF 
[11, 48] were presented in Chapter 4: a HC-PCF that guides light by means of 
a low density-of-states (the Kagome fibre) was filled with H2 gas and pumped 
by a low-energy Q-switched Nd:YAG laser. Stokes and Anti-Stokes bands of vi­
brational stimulated Raman scattering (SRS) were generated with a record low 
energy threshold for Stokes generation of only 800 nJ. The parametric genera­
tion and amplification of the Anti-Stokes band was facilitated by the tight phase 
matching conditions inside the fibre core. Measurements of the transm itted en­
ergy point towards the existence of a nonlinear loss mechanism that may be 
associated with self-focusing.
In another series of experiments (Chapter 5), a bandgap-guiding HC-PCF was 
again filled with H2 gas for the study of rotational SRS. This time, the fibre 
had a much narrower transmission spectrum than the previous fibre, so that 
only rotational SRS bands would be transmitted. The resultant SRS spectrum 
consisted of a spectral comb of nine purely rotational Raman lines with a strong 
presence of the usually suppressed lines of para-hydrogen. The energy threshold 
for the generation of the lst-order Stokes band was only 90 nJ. The very long 
interaction length and the low input power establish a new dynamic regime for the 
SRS process: transient SRS was observed at pulse widths as long as 14 ns, that 
is, 2 orders of magnitude higher than the Raman dephasing time. This was also 
corroborated theoretically. Effects such as the fibre GVD and birefringence were 
estimated to have only a small effect on the SRS gain. The transmission window 
can also allow the selective excitation of certain SRS bands and the suppression 
of others: by tuning the input pump wavelength closer to the bandgap edge of the 
fibre, the SRS bands of ortho-hydrogen were suppressed in favour of the Stokes 
band of para-hydrogen. Eventually, and for the first time in normal hydrogen, 
the para-hydrogen Stokes component became the only component present in the 
SRS spectrum.
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Optical forces in laser guidance of particles using a HC-PCF
Linear light/m atter interactions, such as laser-induced particle manipulation, are 
also enhanced inside a HC-PCF. In the work presented in Chapter 6, the optical 
forces on a dielectric particle being guided in HC-PCF were calculated using two 
different ray-optical models. The agreement with experimental data was very 
good. The force calculations also demonstrated the high efficiency of particle 
guidance in a HC-PCF: the maximum guidance length that can be achieved was 
found to be up to several kilometres -  6 orders of magnitude longer than the 
length attainable with other conventional techniques.
7.2 Future work
Refractive index scaling and bandgap-guidance in liquid
Following the index-scaling experiments described in this work, further research 
has already taken place in low-index-contrast PCFs, made of glasses with an 
index contrast of only 1% [87]. Other new research possibilities are also open: 
first of all, there can be further experimental study of the vector and scalar effects 
in bandgap structures, for example by continuously varying the index contrast of 
the PCF and studying its transmission properties. Furthermore, by choosing the 
right fibre structure and low-index medium, UV transmission may be achieved; 
in the case of silica and air this would require the fabrication of an impossibly 
small structure, but UV transmission becomes practical in the ultra-low-contrast 
case. Finally, by using a suitable liquid crystal to fill the air-holes of a HC-PCF 
and applying an external field, tunable bandgap fibre devices may be fabricated.
Gas-based nonlinear optics in hydrogen-filled HC-PCF
The unprecedented enhancement of the nonlinear interaction between light and 
dilute materials, such as gases, in a HC-PCF has opened up novel regimes for 
gas-based nonlinear optics. In SRS, further improvement can be achieved by 
using the lowest-loss HC-PCFs available (with a attenuation rate of 1.7 dB/km)
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and narrower linewidth lasers. Further research can also be carried out on the 
effect of gas pressure, since the Raman gain coefficient depends on pressure as 
Qr ( p)  oc p/r(p) [71]. The pressure effect can be further enhanced by the ability 
of the HC-PCF to be loaded at high pressures (at least up to 50 bar). Also, 
setting-up a linear pressure gradient along the fibre may lead to pulse chirping 
[88].
Especially in rotational SRS, Raman-based mode-locked gas lasers [53] might be 
developed by generating SRS spectra of multiple lines at a very low energy thresh­
old. All-fibre devices consisting of gas-filled HC-PCFs with their end-faces sealed 
and spliced to conventional fibres have already been demonstrated experimentally
[89].
The use of gas-filled HC-PCFs can also lead to significant progress in virtually all 
types of gas-based nonlinear optics. For example, it can be used for the generation 
of high-order harmonics in the spectral range of UV and soft X-rays, by pumping 
inert gases with femtosecond pulses [55].
PC F for laser-induced manipulation of particles and atoms
The use of a HC-PCF can be extended to all the applications of laser-induced ma­
nipulation of particles, including those in microengineering and biology. Further 
studies can be carried out on the effect of the guided particle on the propagating 
mode [86]. Finally, HC-PCFs can also be used for guiding neutral atoms and 
can potentially be very useful in the study of cold atoms [38] and Bose-Einstein 
condensates (BEC [90, 91, 92]).
I l l
A ppendix A
Equations for stim ulated Ram an  
scattering
A .l  Classical description o f SRS
Nonlinear polarisation
When an electromagnetic field propagates inside a medium, the electric polarisa­
tion vector P of the latter can be written as a sum of its linear, P L, and nonlinear, 
P NL, polarisation:
p  =  p -k  _|_ p -^ L
= €0[x(1)M - E  +  x(2)M : E E  + x(3)M :E E E  + . . . ] ,  (A.l)
with e0 the dielectric constant, x ^ ( w) the nth-order susceptibility tensor of the 
medium and E the electric field vector of the electromagnetic radiation. The term 
eoX^(o;)*E accounts for the linear response of the medium, while the higher order 
terms describe its nonlinear response to the electric field.
In the current notation, the real-valued electric field Ej(r, t) is written as:
E jM )  = I{Aj(r)exp[i(k,-r-u>jt)] +  A*(r) exp[-i(k,r -  w,f)]}
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Re (A j(r)  exp[i(kjr (A.2)
with A j(r) the complex field amplitude. Also, the n th  order susceptibility tensor
acting on the product of the fields E(cji)E(o;2 ) • • • E(cjn), with ------ \-un =
uj, is written as x^O ^i ^ 1 )^ 2 , • • • , u n). F°r negative frequencies, the complex 
conjugate of the electric field amplitude is taken [93].
The polarisation at the Stokes frequency P 5  of a volume of hydrogen gas when the 
electric field frequencies present are the pump ujp and Stokes Us frequencies will 
now be examined. Since H2 is a centro-symmetric molecule, the second-order sus­
ceptibility vanishes [58]. Nonlinear terms higher than third-order can also be ne­
glected. The third-order susceptibility at the Stokes frequency is a sum of a non­
resonant term —u s , u s ) and a resonant term Xr \ u s ',Up , —up , cjs)
(the latter accounts for Raman scattering).
The polarisation vector of the medium becomes a sum of a linear term P^ , a 
non-resonant nolinear term P s,nr  an<^  a resonant nonlinear term P ^ :
P s (r , t) = Re{e0  [x(1) (us ; u s ) • A 5  +  Xn r ^ s ; uS} - u St u s ) : A 5 A JA 5  +  > „ / ' /
where A p and A s  are the (complex) amplitudes at the pump and Stokes fre­
quencies respectively.
Coupled wave equations
The wave equation for the electric field as it propagates in the nonlinear medium 
can be found by starting from Maxwell’s equations for the propagation of an 
electromagnetic field in a medium without free charges:




The magnetic induction B relates to the magnetic field strength H via the rela­
tionship: B =  //oH, with fig the magnetic permeability of vacuum. The polarisa­
tion can be written as a sum of its linear and nonlinear term: P  =  eoX^E +  P 7^ .
By operating on the first equation with V x , the second with fiod/dt and sub­
tracting, after using the identity V x V  x A =  V(V • A) — V 2 A, the nonlinear 
wave equation is obtained:
V 2E (r, t) =  ^ ^ E ( r ,  t) +  M o ^ P NL(r , t) , (A.6)
with e(u) =  1 +  X ^ (6l0 the dielectric tensor and c =  (eo/A))-1//2 the speed of light 
in vacuum. Each one of the electric field vectors incident and scattered during 
the SRS process will obey the wave Equation A.6.
Due to its interaction with the electromagnetic field, a diatomic molecule such 
as H2 can make a transition to an excited state of molecular motion, like those 
shown in Figure 4.3 on page 48. The hydrogen nuclei will, thus, be displaced 
with respect to each other from their initial positions. The wave equation for the 
normal coordinate of the nuclear displacement Q (r, t) =  R (r, t)(2p)1/2, with R  
the relative displacement of the nuclear positions and p the reduced mass density, 
will be [49]:
+  2 r ^ Q  +  <4Q +  /32V 2Q =  . (A.7)
Hint is the interaction Hamiltonian between the electromagnetic wave and the 
medium. In the above equation of motion of the normal coordinate the second 
term in the LHS describes the damping of the nuclear oscillation (which has 
a resonance at the Raman frequency ljr) while the fourth term is added phe- 
nomenologically to describe the spatial propagation of the Q field. The Raman- 
interaction Hamiltonian (for a single molecule) is given by [49, 69]:
Hint =  M E  =  ( | |  j  : Q E E  , (A.8)
where M  is the dipole moment and a  is the optical polarisability tensor of the 
molecule. The latter is written as a power series expansion in Q [69]:
a=ao+( § L Q+- -  (A9)
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The macroscopic electric polarisation of the entire medium (consisting of N  
molecules) is:
P  =  7VaE =  TVao-E +  TV (A. 10)
p N L
Inserting Equations A.8 and A.9 in the wave equation A.7 gives:
(A .ll)
Furthermore, Equation A. 10 can be used in the nonlinear wave equation (Equa­
tion A.6) for the electric field. For co-propagating electromagnetic fields at fre­
quencies ujp and ujg and a sound wave at u v (with up  = ujs +  cjv) one finally 
gets:
These are the coupled wave equations for the electric and molecular motion fields. 
They are coupled together via the nonlinear term of the polarisability of the 
medium. For example, the second coupled equation shows that the interference 
between the molecular motion field Q and the electric pump field Ep drives the 
electric field E s at the Stokes frequency. The interference of the two electric 
fields, on the other hand, drives the molecular motion, as described by the last 
coupled equation.
Solutions to these coupled equations are of the form:
E  p,s(r,t) = ApiSexp[i(kpiSr - w Pist)] 
Q (r, t) =  Q„ exp[i(k„r -  w„l)] ,
(A-15) 
(A. 16)
for which the frequency and phase matching conditions hold:
L O p — i d s  +  tU v  , (A.17)
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- k5 + kv (A.18)
Link between polarisability and Raman susceptibility
In the beginning of this section, the nonlinear polarisation of the medium in 
the case of Raman scattering was described via the Raman susceptibility tensor 
X g } . The latter is rigorously derived quantum mechanically [93]. Here a link 
will be established between this quantum mechanical quantity and the molecular 
polarisability of classical physics.
If the expression for Q (A. 16) is inserted into the wave equation A. 14, one gets:
N ( j £ )  : E PE% N ( ^ )  : EpE cQ =  \ d Q ) Q=o s  _  \ 9 Q J q = q y  s
W u l ~ u 2R + (52 k 2v+ i2 u vT D * ' { }
Substituting this into A. 13 gives:
—T ~ = Xr H ^s ’, Up, Up, -U s)  : E p E p E J . (A.20)V Ec -
If the non-resonant polarisation term is ignored, one finds [49]:
x (3) =  _ N 2 (^ )q -o  (^ )q -o  (a  21)
D*
This last relationship provides a link between the classical picture of molecular 
polarisability and the quantum picture of the resonant Raman susceptibility.
A. 2 G eneration o f lst-order Stokes radiation
Here the equation governing the growth of the lst-order Stokes band will be 
derived for the steady-state case, that is when the temporal variation of the pump 
field envelope can be neglected. This will lead to a useful exponential equation 
for the growth of the field and to the introduction of the Raman intensity gain. 
These equations are used throughout Chapters 4 and 5.
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In order to investigate the growth of the wave generated at the Stokes frequency, 
the nonlinear wave equation A.6 will be solved for the electric field described by 
Equation A. 15. It is found that:
V 2E s =  [V2A s +  2i(kgVAs) — fcgAg] exp[i(kgr — w®t)] , (A.22)
d 2 (  d 2 d  \— E5 = I —  A s  +  2 u js — A s -  u)2sA s J exp[?(k5r  -  u s t)} . (A.23)
The slowly-varying envelope approximation is now used:
V A,< «  |(ks V )A s | . (A.24)
Moreover, in the steady-state, d A s /d t  —► 0. Also from the form of Equation A.3, 
it is found tha t <92P /d t 2 =  — ujgPg1^. From these, the nonlinear wave equation 
becomes:
2z(k5V )A s +  ie " {u J s)^A s = - / / o ^ P ^ L ex p [-i(k 5r  -  w5£)] . (A.25)
For the derivation of the above, the dielectric tensor is written as e =  e' +  ie", 
and use is made of the relations:
n (w) =  , (A.26)
k(u) =  (A.27)
c
For propagation only in the z-direction, the nonlinear wave equation becomes:
- j - A s  +  a A s =  i ( P s L exp[-z(k5r  -  u s t)] , (A.28)
az
where:
-  -  W *  • |A  291
C =   T  ■ (A.30)
2e0 n(us)  c
Inserting the nonlinear terms of Equation A.3 into the A.28 yields:
— A s  + a A s =  ie0(  (xtvh \ A s f  A s  +  Xr* |A p |2 A s) • (A.31)
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The solution to this equation is:
A s (2 ) =  A 5(0) exp [(—eoC Xr I A p |2 -  a )  2 ] x
x ex p [ie0C (xP |A P |2 +  x ^ p |A 5|2)2:] , (A.32)
where the Raman susceptibility is written as Xr? — Xr +  iXr ■ The non-resonant 
susceptibility has a real value. Therefore, the terms proportional to x ^nr  and Xr 
only modify the refractive index and introduce a nonlinear phase-shift via the 
optical Kerr effect. The term in a  clearly describes the linear attenuation of the 
propagating Stokes wave. If Xp, on the other hand, is negative, then the Stokes 
amplitude experiences exponential amplification. The Raman amplitude gain is 
then:
Ga = —co(X r |A p |2 z  . (A.33)
Writing the square of the pump amplitude in terms of the field intensity, Ip = 
^eoe(cup)c |A p |2 [45], the intensity of the Stokes field builds up as Is  = exp G, 
with G the Raman intensity gain:
G  = -------, 2T  s 2 Ip z  = 9r  Ip  z ,  (A.34)e0n{us ) e(up) c2
where gR is the plane-wave Raman intensity gain coefficient, with units m/W .
A .3 G eneration of lst-order A nti-Stokes radia­
tion
In this section the equation for the growth of the lst-order Anti-Stokes field will
be derived, as it is used in Chapter 4.
The generation of radiation at the Anti-Stokes frequency can be described as a 
four-wave mixing (FWM) process between two pump photons, a Stokes and an 
Anti-Stokes photon with:
coas = T Wp — ujr • (A.35)
The nonlinear polarisation, P ^ s, once the non-resonant terms are neglected, will
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be:
P as =  eoXr \ u a s]Up , ujp, —u s ) ■ E pE pE J. (A.36)
The Anti-Stokes wave will obey a nonlinear wave equation like Equation A.31. 
Inserting the nonlinear polarisation into this wave equation (where the linear loss 
term  is left out), and integrating for constant A p and A# and for A as(O) =  0, 
will give:
A a sM  =  C^Xfl^AsOApApAJ z —^ 'A k z   ' (A.37)
Rewriting the above in terms of field intensities yields:
T U a s \ X r ( W A s ) \ 2 t2 t  J 2 „ : _ 2  (  M z \  , A ^
IAS{Z) -  e ^ P) £(«,s ) J Ip Is  Z SmC ( " 2 " )  ’ (A'38)
with sincx =  (sm x)/x  and:
Ak = kAS ~  (2kP -  ks ) -  A kNL , (A.39)
with A kNL the nonlinear phase mismatch due to nonlinear phase modulation.
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Appendix B
Ram an gain versus pulse w idth
This appendix will present the equations of Reference [69], which were used in 
Chapter 5 for the theoretical calculation of the Raman gain for different pulse 
widths, as plotted in Figure 5.6 on page 72.
The electric field of the Stokes wave is found to be:
E s «  E So +  E soa [  exp(—r 2) 7 i(a r)d r , (B.l)
Jo
where Eso is the field magnitude of the spontaneous Raman noise and I\ is the 
first-order modified Bessel function. Moreover:
a2 =  4 gRIPz
= 4gRI t - L tf f ,  (B.2)
ef  f
r 2 =  F t  . (B.3)
Assuming an exponential growth from noise for the Stokes wave, the quantity: 
Es
I n f — — ^  =  I n  l  + a f  exp(—r 2) / i ( a r ) d r  , (B.4)
\ E S qJ L Jo J
represents the Raman gain.
In Figure 5.6, the above equation was numerically calculated and plotted against 
r  for different interaction lengths using the program M athematica v4.1. The
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following values were used in the calculation: gR = 3 cm/GW , Pp — 10 W, 
A ef f  = ttRq with R 0 =  3.5 fim and T =  (27rT2)~1 with T2 =  200 ps.
According to [69], Es  in the steady-state is independent of t , while in the transient 
regime, it varies approximately as y/r. The points where the Raman gain becomes 
independent of r  are pointed out in Figure 5.6.
1:21
Appendix C
Equations o f optical forces on a 
dielectric sphere
In this Appendix the equations used for calculating the optical forces on a dielec­
tric microsphere in Chapter 6 will be presented. The equations are taken from 
References [80, 81]. The symbols for the various quantities are the same as the 
ones used in the references where these equations come from.
C .l Equation o f forces outside the fibre
C .1.1 T he ray optics (RO) m odel
The model of Nemoto and Togo [80] follows the same basic arguments as [34, 85]. 
The axial radiation force dFz(r,z) exerted on a unit surface dA  of a dielectric 
particle inside a medium with refractive index ni, around a point A with coordi­
nates (r, z) from the beam waist centre, illuminated by a laser beam of intensity 
profile I ( r ,z )  will be (Figure C.l):
dfifo,) = nJ l (i’4 dA . (c.i)
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For a Gaussian laser beam, the axial force is given by integrating the above over 
the entire surface of the sphere:
( ; ) '“ p ( ~ S ) m m e  ■
with:
H ( 6 ) = cos o.\ sin 0{cos(a:i — 0) +  R  cos(a:i +  6 ) — T 2[cos(a;i +  6  — 2a2) +
-\-R cos(o:i -|- $)]/(1 “I- R? T  2R  cos 2 0 :2 )} 5 ( -^'•8)
r  =  asin0  , (C.4)
z = d —a cos 9 . ( C . 5 )
ol\ =  a +  9 , ( C - 6 )
a 2 =  sin_1[(n i/n 2) sinai] , (C.7)
a = sin-1(r/p) , (C.8)
w = iy0[l +  (Xz/ttwq ) 2 ] 1^2 , (C.9)
p =  z[l +  {'Kwl/Xz)2] , (C.10)
R  = {[tan(ai — a 2) / ta n (a i  +  o:2)]2 +
+[sin(ai -  a 2) / sin(ai +  a 2)]2}/2 , (C .ll)
with d the distance of the on-axis centre of the sphere from the beam waist, 
a the sphere radius, p the radius of curvature of the phase front that passes 
through point A, Wq the beam waist size, R  the average reflectance for p and s 
polarisations, T  = 1 — R  the transmittance, r  is the maximum permissible value 
ofO.
In the present calculations the approximation r  =  tt/2  was taken. The following 
values were used: A =  514.5 nm, P0 — 80 mW, ri\ = 1, n 2 =  1.53 and a =  2.5 pm.
123
beam waist position
Figure C.l: Beam trajectory as it passes through the dielectric sphere in the RO 
model [80]
C . l . 2 T h e  en h a n ced  R O  m o d e l
A xial force
In the enhanced RO model of Gauthier and Wallace [81] the beam is regarded as a 
stream of photons and the laser power is correlated with the photon flux through 
the sphere, while the optical force is calculated from the momentum change of 
the refracted photons (Figure C.2). The equations for the axial force are:
with
Fz — F\rz +  Fitz +  F2rz +  F2tz, (C.12)
F lrz  =  [  —n0[l +  cos(20i)]/(p, z) |r*i |2 R 2 sin(2#i)d#i , (C.13)
Jo c
Fuz = [  '  - [ n o  ~  n s cos(6>i -  02 )]I(p,z) \ t i \ 2 R2sin(20i)d(9i , (C.14)
Jo c
r iv /2  7j-
F2rz = /  —ns[cos(0i -  02) +  cos(3^2 -  0i)] x
Jo c
x /( p ,z ) |r i |2 |^ |2R2sin(26»i)d6>i , (C.15)
F2tz = [  1 - { n s cos(0i -  e2) -  n0cos[2(^i -  02)]} x
Jo c
x /(p , z) |r i |2 |^i|2 R2 sin(2<9i)d0i . (C.16)











Figure C.2: Beam trajectory as it passes through the dielectric sphere in the 
enhanced RO model [81]
with p the radial distance from the beam’s axis and w(z) given by Equation
C.9. 1^1 is the power reflectance coefficient and is calculated from the Fresnel 
coefficients:
I i2 _   (w0n ,)2[cos2g1 - c o s 2<92]2__________
1 {nons[cos2 6\ +  cos2 02\ +  (^ 0  +  ns )cos ^ 1 cos ^ } 2
and |t i |2 =  1 — |r i |2.
Gradient force
The gradient force is written as:
Fr = F\rr +  Fitr +  F2rr +  F2tr > (C.19)
where:
r 7r/2 r2ir <nn
Firr = — / I (pt z )— '8 in (20i)|ri| R2 cos</>sin(2#i)d0d#i , (C.20)
Jo Jo 2c
p-n/2 n2n
Fitr = / I(p, z)-^-sin(0i — $2 )\ti\ cos</>sin(20i)d</>d#i ,(C.21)
Jo Jo 2c
/*7r/2 r2n  rt
F 2rr = /  I(p,z)-^-[sin(36>2 -  6 1 ) -  sin(6>i -  02)\ x
Jo Jo 2c
x |n |2 |^i|2 R2cos</>sin(2#i)d<^d#i , (C.22)
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F2tr ~  J {n0sin[2(6>i -  02)] -  n s sm(9i -  0 2)} x
x |r i |2 |t i |2 JR2cos^sin(26>i)d^d(9i . (C.23)
<fi is the angle between the direction of the radial momentum component and the 
radial direction of Figure C.2. In the general case in which the sphere is off the 
beam axis:
where a is the offset between the maximum of the Gaussian beam profile and the 
sphere’s central axis.
C.2 Forces inside the fibre
At the fibre entrance (z = 0), the beam profile is tha t of a diffractionless beam 
with profile:
where Jo is the zero-order Bessel J  function, Rq is the fibre core radius and p is 
given by Equation C.24. Therefore the equations of the previous section had to 
be modified to account for the change in the beam profile. By substituting the 
above value of I(p) in Equations C.12 and C.19 and integrating over the entire 
range of 6 \ and (f> for both the axial and gradient force, the radial profile of the 
optical forces was calculated at the fibre entrance.
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